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Chapter 1 introduces the concept of catalysis, organocatalysis and aminocatalysis 
and gives a brief account of the current research and the trends in aminocatalysis. An 
introduction to basics of quantum chemistry and the various theoretical models and 
methods used in this thesis is given in chapter 2.  
Chapter 3 presents a theoretical investigation of the recently developed SOMO 
activation of aldehyde substrates. The two intermediates proposed to be oxidized 
during the catalytic cycle, the enamine intermediate and the β-silyl radical 
intermediate, are confirmed by calculations at M06-2X/6-311+G** level to have 
lower vertical ionization potentials than either the imidazolidinone catalyst or the 
aldehyde substrate. NBO charge analyses of the enamine intermediate and its oxidized 
radical cation intermediate showed that the charge and the spin density are almost 
equally shared between the nitrogen and the β-carbon in the radical cation 
intermediate rather than concentrated on a particular atom, as suggested in the original 
work of MacMillan. Our mechanistic study reveals that the most favorable pathway of 
the C-C bond formation step involves attacking of the β-carbon of the radical cation 
intermediate by the less substituted alkenyl carbon of the allylsilane. This step is 
confirmed as a radical addition step and the immediate product can be described as a 
β-silyl radical and a non-conjugated iminium ion. Finally, the computationally 
predicted enantioselectivity of the SOMO allylation of propanal, 97% based on the 
computed relative enthalpies and 96% based on the computed relative free energies, 
x  
agrees very well with the experimental observed ee of 91-95% for aldehydes. 
Chapter 4 presents a computational design of organocatalyst inspired by enzymes 
serine proteases. Serine proteases utilize a highly conserved catalytic triad consisting 
of three amino acid residues in the order of aspartic acid, histidine and serine to 
catalyze the hydrolysis of peptide bonds. Two of the three residues, the aspartic acid 
and histidine, are found to be generic for both acid/base and H-bond catalysis. The 
functional groups of these two residues, the carboxyl and imidazole, are defined as a 
catalytic dyad and a simple organocatalyst implementing this dyad is designed 
computationally. 
Chapter 5 presents our computational study of the Michael addition of aldehydes 
catalyzed by “in silico” designed organocatalysts. A prototypical catalyst, cat-1a, is 
found to catalyze the Michael addition of aldehydes with high stereoselectivity for syn 
products. To enhance the predictability of the reaction outcome and the directionality 
of the designed carboxyl/imidazole dyad, a methyl group is introduced to the catalyst 
and an analogue catalyst, cat-1b, is developed. The enamine intermediate of cat-1b 
catalyzed Michael addition of aldehydes is found to adopt an unusual stacked 
conformation with the imidazole of the dyad stacked with the pyrrolidine backbone of 
the catalyst. High face selectivity of the two pro-chiral faces of the enamine 
intermediate in the C-C bond formation step is observed and the reason is attributed to 
the unusual stacked conformation of the enamine and the introduced methyl group in 
cat-1b. In addition, cat-1b is predicted to promote anti selectivity for the Michael 
addition of aldehydes, which is rarely reported in the literature. The designed 
xi  
carboxyl/imidazole dyad, the stacked conformation of the enamine intermediate and 
the adoption of an exo transition states are the factors that contributes to the predicted 
anti selectivity.  
Chapter 6 presents a computational investigation of cat-1b catalyzed 
intermolecular aldol reaction of aldehydes. High diastereoselectivity and 
enantioselectivity are predicted. The designed carboxyl/imidazole dyad is found to 
function as a Brønsted acid in transition states that facilitates the formation of 
alkoxide. Reaction profile of a model aldol reaction is studied and the proton transfer 
from the carboxyl/imidazole dyad to the developing alkoxide is found to follow an 
asynchronous concerted double proton transfer mechanism. A low barrier hydrogen 
bond is identified in the immediate product of the C-C bond formation step.  
Chapter 7 presents a PCM solvation model study of cat-1b catalyzed aldol 
reactions in aqueous solution to investigate the solvation effect on the reaction profile 
and stereoselectivity. Results show that no significant change in stereoselectivity is 
observed in the presence of a strongly polar solvent, but the zwitter-ion intermediates 
are strongly solvated in the presence of water and the reaction thermodynamics is 
much more favorable than for the gas phase calculations. Regarding to the catalytic 
mechanism, the same asynchronous concerted proton transfer mechanism is observed 
and the presence of a low barrier hydrogen bond in the C-C bond formation product is 
not affected by the solvent.  
Chapter 8 summarizes the whole thesis. Some thoughts on the future work and 
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1.1 General Introduction 
This thesis reports my theoretical investigation of several different types of 
organic reactions catalyzed by aminocatalysts. This introduction chapter gives a 
general review of the field of aminocatalysis while a specific introduction to each 
reaction and catalyst will be given in the introduction section of the chapter of 
concern.  
Catalysis refers to the use of a substance to accelerate, occasionally to impede, 
the rate of product formation of a reaction, without affecting the reaction itself. With 
a history longer than that of the chemical science, catalysis today has a wide range of 
applications, both in laboratory researches and in industrial productions. It was 
estimated that about 90% of commercially produced chemical products involve 
catalysts at some stage in the process of manufacture.  
The fundamental element of organic chemistry is carbon. Life on this planet 
builds on compounds that contain a skeleton of mostly carbon atoms. Thus the 
central theme of organic chemistry revolves around the construction of C-C and C-X 
bonds. Synthetic organic chemists have been continuously seeking to discover new 
ways to synthesize carbon containing compounds, new methodologies to construct 
chemical bonds containing carbon and to understand the reaction mechanism behind.  
In the last few decades, more and more efforts have been devoted to developing 
protocols that produce carbon-containing compounds with specific chiralities. A 
chiral molecule is one that is not superposable with its mirror image. The 
relationship of a chiral molecule and its mirror image resembles that of a left hand 
 3




 There are a few fundamental approaches to promote chirality in chemical 
reactions, namely the use of chiral substrates, chiral auxiliaries1  or chiral catalysts2. 
The use of chiral catalysts is particular attractive, for it requires only a fractional 
amount of catalysts; sometimes the catalysts used can be recovered; faster reaction 
rates and good to excellent stereoselectivity are normally obtained.  
Very recently, starting from the discovery of L-proline as an effective catalyst for 
the asymmetric intermolecular aldol reactions in 20003, there has been a sustained 
interest in using small organic molecules as catalysts for asymmetric organic 
reactions, although L-proline was known to catalyze the intramolecular aldol 
reaction as early as in the 1970s4 (Scheme 1.1）.  
Today, organocatalysis5, a term coined for catalysis by small organic molecules, 
has branched out into many subdivisions. Among the various types of 
organocatalysis, the largest and most important one has been aminocatalysis6, the use 
of an amine functional group as the catalytic moiety for carbonyl substrates. Studies 
of aminocatalysis in the last decade have advanced our understanding of catalysis 
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Scheme 1.1. L-proline catalyzed intramolecular Hajos-Parrish reaction (top) and 
intermolular aldol reaction (bottom) 
 
1.2 Activation Modes of Aminocatalysis 
McMillan defines an activation mode as7, 
 
“A generic activation mode describes a reactive species that can participate in many 
reaction types with constantly high enantioselectivity (as opposed to one or two 
unique transformations)” 
 
In the field of aminocatalysis, three generic activation modes have been 
discovered so far, namely the enamine, the iminium and the SOMO activation mode 









































Iminium activation-substrate and active species
Enamine and SOMO activation-substrate and active species  
Scheme 1.2 
 
A typical catalytic cycle of aminocatalysis starts with the formation of either an 
iminium or an enamine intermediate from the catalyst and the carbonyl substrate. In 
the iminium activation mode, the substrate is a conjugated carbonyl and the active 
species controlling the reaction stereoselectivity is a conjugated iminium. The energy 
of the lowest unoccupied molecular orbital, or LUMO, of this conjugated iminium 
intermediate is considerably lower than the parent carbonyl substrate due to the 
formal positive charge. In other words the carbonyl substrate is activated as a more 
electrophilic iminium intermediate. Examples of organic reactions utilizing the 
iminium activation mode include the conjugate Friedel-Crafts reaction8, the ketone 
Diels-Alder reaction9, the Mukaiyama-Michael reaction10 and the conjugate 
amination. Conversely in the enamine activation, a simple carbonyl is activated as a 
more nucleophilic enamine intermediate through an iminium precursor. Examples of 
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the enamine activation mode include the intermolecular aldol reaction11, the 
Mannich reaction12, the Michael reaction13 and the α-amination14.  
The concept of activating a simple carbonyl as an electron deficient radical 
species has not been applied in organocatalysis until recently. Prior to that, a simple 
carbonyl is generally activated as an enamine intermediate during catalysis. The α 
carbon of the enamine intermediate is nucleophilically activated and can add to an 
electrophile. In the SOMO activation mode, this enamine precursor is oxidized to an 
electron deficient radical cation species in the presence of a strong single-electron 
oxidant such as cerium ammonium nitrate (CAN). This results in the reversal of the 
reactivity of the α carbon from nucleophile in the enamine activation mode to 
electrophile in the SOMO activation mode. A great amount of unprecedented 
transformations of simple carbonyls have since then been reported in the literature, 
including the α-allylation15, the α-enolation16, the α-arylation17 of aldehydes and the 
α-allylation18 of ketones.  
 
1.3 Aminocatalysts  
The simple amino acid L-proline 1 marks the start of an age of aminocatalysis. 
Over the years, many more sophisticated aminocatalysts have been developed, many 
of which have been based on the pyrrolidine skeleton of proline. Clear trends have 
emerged during the course of development. The first is that it is beneficial to 
incorporate multiple functional groups that work in a cooperative manner (Catalyst 2 
and 3), mostly cooperative H-bond donors such as urea and thiourea. This type of 
 7
aminocatalysts works the best for Brønsted-acid or H-bond catalyzed reactions such 
as the aldol and the Mannich reactions. The second trend emerged is to develop 
catalysts that emphasize the precise control of steric factors (Catalyst 5-7). These 
catalysts have shown excellent performances for reactions like the Michael addition, 
the SOMO allylation and the Diels-Alder reactions. Lastly, there have been 




This thesis focuses on the computational study of the mechanism of 
aminocatalyzed reactions and the “in silico” design of novel organocatalysts. In 
chapter 3, the SOMO allylation of aldehydes was studied to reveal the mechanism of 
the reaction and the origin of stereoselectivity. In chapter 4-7, basing on my previous 
studies of organocatalysis and several studies found in the literature, I will report our 
progress on designing new organocatalysts purely “in silico” and their application in 
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2.1 Introduction to Quantum Mechanics 
2.1.1 Wave function & the Schrödinger Equation  
In the beginning of the last century, quantum mechanics was developed to 
describe the behavior of newly explored microscopic world, which were then found to 
defy laws of classical mechanics. One of the major breakthroughs of quantum 
mechanics was the formulation of the Schrödinger equation by Erwin Schrödinger in 
1926, whose time-dependent form, for a one-particle, one-dimensional system, takes 














     (2.1) 
, where   is the wave function. Wave function, which is a function of the particle’s 
coordinates and the time, was postulated in quantum mechanics to describe the state 
of a system. It contains all the information we can possibly know about the system it 
describes. The correlation of   to experimental measurements was provided by 
Max Born, who postulated that | |2 of a particle is the probability density for finding 
that particle at various places in the space.  
The simpler time-independent Schrodinger equation can be derived from the 
equation 2.1, if we make the assumption that the potential energy V is not a function 










   (2.2) 
or,  








    (2.4)    
where 

H  is the Hamiltonian operator and E is the energy of the system. For a 
molecular system of many nuclei and many electrons, if we take the assumptions that 
the nuclei and the electrons are point masses and the relativistic effects and the 
spin-orbital interaction can be neglected, 

H  can be written as, after expanding 




























  (2.5)     
where α, β are for the nuclei and I, j are for the electrons. The first two terms are the 
kinetic energies for the nuclei and the electrons respectively; the third and fifth terms 
are the potential energies of the repulsion between the nuclei and between the 
electrons respectively; the fourth term is the potential energy of the attraction between 
the nuclei and the electrons.  
 
2.1.2 The Born-Oppenheimer Approximation and The Electronic Potential 
Energy Surface (PES) 
Equation 2.3 has the form of a second derivative equation, which is exactly solvable 
for hydrogen-like atoms (atoms that contain only one electron). For atoms and 
molecules having more electrons, only approximate solutions to equation 2.3 are 
available by making several assumptions, the first of which is the well known 
Born-Oppenheimer approximation1.  
Electrons have a much smaller mass than that of nuclei ( emm  ), and thus they 
move much faster relative to nuclei. For a good approximation to equation 2.3, 
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electrons can be regarded as moving around static nuclei, whose distances with 
respect to one another are fixed, so the kinetic-energy-of-nuclei term of 

H  can be 
omitted. The separation of the electronic motion from the nuclear motion makes it 
possible to solve for the purely electronic energy independent of the nuclear 




H and solve for the corresponding series of electronic wave functions and energies, 
via techniques such as the variational or perturbation theory. The purely electronic 


















  (2.6) 
Internuclear repulsion energy, the third term of

H , can be readily calculated from 
the nuclear coordinates and nuclear charges. The total energy under the 
Born-Oppenheimer approximation is thus the sum of the electronic energy and the 
internuclear repulsion.  
For theoretical calculations of molecular structures applying the Born- 
Oppenheimer approximation, the total molecular energy is a function of the nuclear 
coordinates. It is often desirable to know how the total molecular energy responds to 
the change in nuclear coordinates. A plot of this type is termed the potential energy 
surface (PES) of the molecule, which, if examined, can reveal many characteristics of 
the molecular structure.  
Two types of critical points on a molecular potential energy surface are of special 
importance to the theoretical investigation of molecular structures and reactions, 
namely the minimums and the 1st order saddle points. The minimum points of a 
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potential energy surface represent stable molecular structures while the 1st order 
saddle points represent transition structures, defined as transition states, from one 
critical point to another.  
 
2.1.3 Corrections to the Potential Energy Surface 
Energies computed from solving the Schrodinger equation under the Born- 
Oppenheimer approximation are electronic energies. The total molecular energy is a 
simple sum of electronic energies and nuclear repulsion energies. This simple picture 
fails to take account of the quantum mechanical nature of nuclear vibrations. 
According to the uncertainty principal, molecular vibrations retain residue energies 
even at zero Kelvin and never go to zero2. The amount of residue vibrational energy 
retained at 0k is called the zero-point correction energy. Adding zero-point correction 
energies to electronic energies is the first step to get more realistic values of the total 
energy. For most modern computational software packages, zero-point corrections are 
computed with the harmonic-oscillator assumption, although there have been studies 
to scale computed zero-point energies to match the experimentally determined values.   
Corrections of electronic energies with enthalpy and entropy terms are 
increasingly popular among the theoretical chemistry community. Both computed 
enthalpy and entropy can be compared directly with experimentally determined values, 
if they are available.  
In computational chemistry, thermodynamic properties such as enthalpy and 




























lnln   (2.8) 
where 
kT
1  and k is the Boltzmann constant and T the temperature. Ω is the 
partition function of the system, which is usually expressed as a product of the 
partition functions of all molecular modes,  
 lvibrationanaltranslatiorotationalelectronicnuclear   (2.9) 
The nuclear and electronic partition functions are usually assumed to be 1 under 
standard conditions. The rotational and translational partition functions are also easily 
calculable. The vibrational partition function requires a calculation of all the 
molecular vibration modes. This is usually done under the rigid-rotor/harmonic- 
oscillator approximation. However, this approach can be problematic if the system 
under calculation contains a lot of low frequency modes which are not adequately 
described by the harmonic-oscillator approximation. A small change in the calculated 
frequencies will lead to large shift of predicted entropy contributions. As such, several 
literature studies have shown that the enthalpy corrected energies are more robust and 
agree better with experimental observations3.  
 
2.2 Solving the Equation with a Computer 
One of the main goals of quantum chemistry is to solve for chemistry relevant 
molecular properties from the first principles by solving the Schrödinger equation 2.3. 
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Although the Hamiltonian operator

H  is easily expressed within the 
Born-Oppenheimer approximation once the nuclear coordinates are given, solving 
equation 2.3 for E is not always possible. Most often the wave function   is not 
known and a trial wave function has to be guessed and constructed from a basis set at 
the start of calculations. Starting from the trial wave function, there are two 
techniques that are usually employed to approximate the exact wave function from the 
initial guess, the variation theory and the perturbation theory.  
 
2.2.1 Basis Set 
In quantum chemistry, molecular wave functions are typically expressed as a 
linear combination of simpler functions called basis functions. A collection of such 
predefined basis functions are called a basis set. It is common to use a finite number 
of atomic orbitals as the basis functions. Adding more atomic orbitals into a basis set 
generally improves its quality, but at the expense of higher computing cost. When the 
number of basis functions approaches infinite, we say the basis set is approaching the 
complete basis set and the calculation approach the complete basis set limit.  
Initially, atomic orbitals used to construct molecular orbitals are hydrogen-like 
orbitals obtained from solving the Schrodinger equation for the hydrogen atom. These 
orbitals are Slater orbitals which decay exponentially with distance from the nuclei. 
More accurate representation of the real pictures they may be, it was later realized that 
they can be further approximated with several primitive Gaussian-type functions 
having the form,  
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 )exp( 2arzyxN nml   
where l, m, n are positive integers that sum up to the orbital angular momentum 
quantum number of the orbital, 222 zyxr   and n and a are parameters. When 
several primitive Gaussian functions are linearly combined to form another Gaussian 
type function, the resulting Gaussian is called a contracted Gaussian function. Using 
Gaussian functions greatly reduces the computational cost, because integrations with 
Gaussian functions are faster than with Slater functions.  
There are several popular Gaussian-type basis sets developed by John Pople4, e.g. 
6-31G*, 6-311+G(2d,p). The minimal basis set of the Pople type is the STO-3G, 
which contracts three primitive Gaussian functions for each of the core and valence 
electron orbitals. This is rarely a good choice of any computations beyond a 
qualitative understanding. In a chemical reaction, usually only the valence electron 
orbitals participate significantly in bonding. They change their spatial extent with 
different molecular environments. To reflect this flexibility in the spatial extent of the 
valence orbitals, large basis sets will use more than one contracted Gaussian functions 
for each atomic orbital. These basis sets are termed split-valence basis sets. A 
split-valence basis set using two, three or four contracted basis functions to represent 
one valence orbital is called a double, triple or quadruple-zeta split-valence basis set 
respectively. To take an example, the 6-31G basis set uses one contracted Gaussian 
function of 6 primitive Gaussian functions to represent a core atomic orbital and two 
contracted Gaussian functions, one of 3 primitive Gaussian functions and the other 1, 
to represent a valence orbital.  
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More accurate calculations require the addition of polarization and diffuse 
functions5. Polarization functions are functions with one orbital angular momentum 
quantum number higher than the atomic orbital, e.g. functions with p orbital character 
for an s orbital. Including polarization functions gives the atomic orbitals more 
flexibility in space and is often required for an accurate calculation of molecular 
geometry. For anions or atoms with lone pairs, electrons occupy a much large spatial 
extent than provided with a standard basis set. A diffuse function, a very shallow 
orbital with low electron density is needed to allow the electrons to occupy greater 
spatial extent. In the Pople notation, a polarization function is denoted by a * and a 
diffuse function a +. The first * will add polarization functions to all atoms heavy than 
hydrogen and the second add p orbitals to hydrogen. Similarly, the first + will add 
diffuse functions to heavy atoms and the second hydrogen. They are grouped in the 
following order,  
 X-YZ+(+)G*(*) 
where the X-YZ part is the split-valence part and G denotes for Gaussian.  
 
2.2.2 The Variational Method 
The variation theory states that for a time-independent Hamiltonian operator the 
expected energy of any trial wave function is higher or equal to the energy of the true 
ground state wave function corresponding to that Hamiltonian. Mathematically, the 
exact wave functions of a Hamiltonian operator forms a complete orthonomral set,  
 ,1|  ji  if ji    (2.10) 
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 ,0|  ji  if ji   (2.11) 






















































Since among the energies of all wave functions eigen to the Hamiltonian the ground 
state energy 0e  is the lowest, the expected energy E  of the trial wave function 
must be greater or equal to the ground state energy.  
In a variational approach to solve the time-independent Schrödinger equation6, the 
unknown true wave function is expressed as a linear combination of n known trial 
functions with n parameters to be determined. Minimizing the expected energy of the 
trail wave function with respect to the n parameters will lead to a wave function close 
to the true wave function within the limit of the trial functions used.   
 
2.2.3 The Perturbation Theory 
The perturbation theory7 is a complementary approach to the variational principle. 
The idea of the perturbation theory is to solve a complicated system from a related 
simpler one by treating the change from the simpler system to the complicated system 
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as a small perturbation. This small perturbation can then be treated with mathematical 
approximation methods such as the asymptotic series. Let’s start with the unperturbed 
simple system,  
 0000 nnn EH   (2.13) 
oH  is the unperturbed Hamiltonian, the superscript 0 indicates unperturbed n
th 
eigenstate and eigenvalue of the Hamiltonian. Let V be the perturbation in the 
Hamiltonian and   be a dimensionless parameter that ranges from 0 (no 
perturbation) to 1 (full perturbation). The perturbed Hamiltonian would be  
 VHH  0  (2.14) 
, and the Schrödinger equation of the perturbed system  
 nnn EVH  )( 0   (2.15)  
The idea is to express nE  and n  as power series of the forms, 
  3210 nnnnn EEEEE   (2.16) 
  3210 nnnnn   (2.17) 
where kn  and knE  are the kth order corrections to the wave function and energy of 
the system. Substitute the equations 2.13 and 2.14 into the equation 2.12 and expand 
the coefficients. After rearrangements of the terms and equate the coefficients of all 
terms of first order in , we get the first-order perturbation equation,  
 0110010 nnnnnn EEVH   (2.18) 
To solve for the first order correction to the energy of the nth eigenstate,  
|||||||| 0101000010
0
nnnnnnnnnn EEVH   















































  (2.19) 
, which is just the expected energy of the perturbation V on the unperturbed wave 
function 0n .  
First order corrections to wave functions can be solved from the equation 2.15 as well. 
The detailed derivation is omitted here. Higher order (>2nd order) corrections to both 
the energy and the wave functions are possible, but require the use of the complete set 
of wave functions of the unperturbed Hamiltonian.   
 
2.3 Ab Initio Methods 
2.3.1 The Hartree-Fock Theory 
The Hartree-Fock method is an ab initio method to solve the time-independent 
Schrödinger equation for a multi-electron system in the context of the Born- 
Oppenheimer approximation. It applies the variational principle and solves the 
Schrodinger equation iteratively, which gives rise to the name “Self Consist Field 
(SCF) Method”8.  
In the Hartree-Fock treatment of molecular systems, each energy eigenfunction 
 is described as a single Slater determinant9 of one-electron spin orbitals. For an N 
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  (2.20) 
because for multi-electron systems the electronic molecular Hamiltonian operator 

H  
contains a two-electron repulsion term which requires the coordinates of two different 
electrons, it is necessary to reformulate the Hamiltonian operator into the form of a 
one-electron operator in conjunction with the use of the Slater determinant of 
one-electron spin orbitals. The new operator which operates on one-electron spin 















is the core electronic Hamiltonian operator including the electron kinetic energy 
term and the electron-nucleus attraction term; 

J  is the Coulomb operator and 

k  the 
exchange operator. Take note that the Fock operator explicitly takes into account of 
the electron spin orbitals }{ j  in its construction. It treats the electron-electron 
repulsion in such a way that electrons are viewed as travelling in an average electric 
field exerted by all other electrons. This approximation of the electron-electron 
repulsion is called the mean field approximation and is central to the Hatree-Fock 
method. The new Hartree-Fock equation takes the form of 
  EF  (2.22) 
Due to the non-linear nature of the Fock operator, the eigenequation 2.19 has to be 
solved iteratively.   
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The Hartree-Fock equation of 2.19 can be further specialized if the total spin of the 
system is specified. For a simple system with a zero total spin (a closed shell system), 
each spatial orbital is restricted to contain two electrons with opposite spins. This is 
referred to as the restricted Hartree-Fock calculation or RHF. Now the equation 2.19 
can be written as, 
  iii
CS
F    (2.23) 
where i  is a spatial orbital instead of a spin orbital. Each spatial orbital is further 
expanded into a basis set Kb 1}{  ,  
  K ii bC

  (2.24) 
With this expansion, the Hartree-Fock equation can be rearranged into a matrix 
equation, the Roothaan equation, suitable to be solved on a computer.  
 SCFC   (2.25) 
F is the Fock operator; C is the coefficient matrix and S is the overlap matrix between 
basis functions. S is reduced to the unitary matrix when an orthogonal basis set is 
used.  
 
2.3.2 HF Calculation for Open Shell Systems  
Molecular systems having the multipliticity greater than 1 can not be solved 
numerically as described in the equation 2.22. Such systems contain unpaired 
electrons and are termed as open shell systems. An unrestricted Hartree-Fock (UHF)11 
or restricted open shell calculation (ROHF)12 can be performed.  
In the UHF calculations, two complete sets of orbitals are used, one for the α spin 
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electrons and one for the β spin electrons. The two sets use the same basis functions 
but different molecular coefficients. This results in a pair of coupled Roothaan 
equations, also known as the Pople-Besbet-Berthier equations.   
  SCCF   (2.26) 
  SCCF   (2.27) 
UHF calculations can be performed very efficiently. However, because the use of 
different molecular coefficients for different spins (DODS), the wave function 
obtained from a UHF calculation is no longer an eigenfunction of the total spin <S2>. 
Higher spin states are mixed in, resulting in the calculated <S2> value larger than 
desired. The error introduced from using DODS is known as the spin contamination. 
Slight spin contamination may affect the computed total energy, most likely leading to 
a higher total energy because of the mixing in of higher energy spin states. Severe 
spin contamination may even affect the molecular geometry.  
Another approach of solving for open shell system is to use ROHF. In the ROHF 
calculation, electrons are paired up in doubly occupied orbitals as far as possible and 
the remaining unpaired electrons are treated in singly occupied orbitals. <S2> from a 
ROHF calculation contains no contamination. However, implementing ROHF is much 
more computational demanding than UHF. As a result, ROHF is usually the best way 
to get a reliable energy calculation for an open shell system when the UHF calculation 
is severely spin contaminated.  
 
2.3.3 Post HF Methods 
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In the Hartree-Fock method, electron exchange energy is fully accounted for, but 
only electron correlation energy of the same spin electrons are included in the 
Hartree-Fock energy. Electron correlation energy due to opposite spin electrons are 
treated only with higher level methods, the so called post Hartree-Fock methods such 
as the Moller-Plesset theory.  
 
2.3.4 The Moller-Plesset Theory 
Electrons are of the same charge and they tend to avoid each other moving in 
space. The way Hartree-Fock method treats electrons moving in an electron cloud 
averaged by all other electrons neglects the correlation between electron movements 
in space. Therefore, the Hartree-Fock energy is always higher than the exact energy 
solved from the non-relativistic Schrödinger equation within the Born-Oppenheimer 
approximation. The difference between the Hartree-Fock energy and the exact energy 
is termed as the electronic correlation energy. This correlation can be treated with the 
Moller-Plesset (MP) set of methods13. 
The Moller-Plesset methods improve the Hartree-Fock results by treating 
electron-correlations as perturbations by means of the perturbation theory. The 
perturbation potential is written as, 
 )||( 00 

FHFHV  (2.28) 
where 

H  is the electronic Hamiltonian operator and 

F is the Fock operator and 
0 is the lowest energy eigenfunction of the Fock operator. The Moller-Plesset 
energies are then treated as the Hartree-Fock energies with different levels of 
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corrections from the perturbation theory,  
 nHFMP EEEEEE  321  (2.29) 
MP2 method14 corrects the Hartree-Fock energy to the second order term while MP3 
corrects to the third order term. Other Moller-Plesset methods are defined in the same 
way. Moller-Plesset methods below MP5 are included in many commercial software 
packages for routine calculations of small molecules. However, studies have shown 
that some molecular properties calculated with MP3 and MP4 are not necessarily 
better than those calculated with MP2. In addition, depending on the species of 
chemical reaction studied, Moller-Plesset methods may or may not converge at high 
orders. Together with the huge computing cost of high order Moller-Plesset methods, 
this has prevented the use of high level MP methods in routine calculations.  
 
2.3.5 Configuration Interaction 
One of the other methods to treat electron correlation is the Configuration 
Interaction (CI) method15. In the Hartree-Fock method, the wave function is restricted 
to a single Slater determinant. In the CI method the wave function is constructed by 
taking a linear combination of the ground state and excited state Hartree-Fock 
determinants. Weighting factors are assigned to each excited state determinants and 
the variational principle is applied to optimize the weighting factors. We speak of Full 
CI when all possible excited state determinants are considered. Electrons are fully 
correlated in a full CI calculation, although in practice this is rarely used.  
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2.4 The Density Functional Theory 
Despite their accuracy in predictions and soundness of theories, the wave function 
based methods post Hartree-Fock suffers the drawback of consuming too much 
computing resources while the Hartree-Fock method lacks proper account of electron 
correlation energies. In contrast, the Density Functional Theory16(DFT) methods are 
enjoying ever increasing popularity in optimizing molecular geometries and 
computing molecular properties. Their computing costs are comparable to that of the 
Hartree-Fock method and are far less than most post Hartree-Fock methods. Today, 
molecules of up to a hundred of atoms are routinely calculated with DFT methods. 
Accuracy-wise, studies comparing DFT methods to wave function based methods 
have shown that some DFT methods can perform reasonably well for a large range of 
molecular systems, only at a fractional computing time of the wave function based 
methods. Especially, recent efforts from the theoretical community to improve DFT 
methods for better description of the long-range and weak interactions have produced 
several DFT methods capable of studying molecules that in the past only suitable for 
high level wave function based methods.  
 
2.4.1 The Hohenberg-Kohn Theorem & the Kohn-Sham Approach 
Unlike wave function based methods, DFT methods do not start with electronic 
wave functions. According to the first Hohenberg-Kohn Theorem17, the external 
potential of a many-electron system is a unique functional of the electron density  . 
In the context of the Born-Oppenheimer approximation, nuclei are assumed to be 
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stationary with respect to electron movement. The electronic Hamiltonian operator 

H  can be expressed with three operators. 
 
  UVTH  (2.30) 

T  in the equation 2.27 is the electronic kinetic energy operator; 

V is the static 
external potential exerted by the nuclei and 

U  is the electron-electron interaction 
operator. If the ground state wave function is )( , the expected energy of the system 



















V  is known exactly from the nuclei coordinates, but both the kinetic energy and the 
electron-electron interaction operator on   are still unknown. In 1965, Kohn and 
Sham18 developed a computational approach that made use of a fictional 
non-interacting system that enabled DFT to be applicable in calculations. In this 
approach, Kohn-Sham orbitals and wave function were introduced. For a 
non-interacting system, the wave function can be determined as a single Slater 





   (2.32) 
The energy of this non-interacting system is then, 
 KSeffKSs VTE 

||  (2.33) 
effV

is the effective external potential defined as, 
 31
 EXHexteff VVVV
   (2.34) 
where extV

 is the external potential exerted by the nuclei, HV

 is the classic 
Coulomb energy between electrons and EXV

is the exchange-correlation energy. 
Optimization of Es with constrain on the orthonomality of the Kohn-Sham orbitals 
using the Lagrange method leads to a set of single-electron Schrödinger equations,   




1( 2  (2.35) 








2  (2.36) 
Although the Kohn-Sham equations are exact in theory, in practice they have to be 
approximated due to a lack of known expression for the last term of effV

, the 
exchange-correlation functional of the electron density. This is one of the major 
drawbacks of using DFT methods.   
 
2.4.2 The Exchange-Correlation Functionals and Popular DFT methods 
Unlike wave function based ab initio methods, there are many DFT methods with 
varying effectiveness available. This is the direct result of not knowing exactly what 
the exchange-correlation functional is. DFT methods are classified according to how 
they “guess” this functional. Important groups of DFT methods include the Local 
Density Approximation (LDA), the Generalized Gradient Approximation (GGA), the 
meta-GGA, and the Hybrid DFT methods.  
In the LDA methods, the exchange-correlation functional is assumed to depend 
solely on the electron density at each point in space. Most LDA methods make use of 
 32
the Homogenous Electron Gas (HEG) model, which breaks down the 
exchange-correlation energy into separate exchange and correlation parts. The 
exchange functional in the HEG model takes a simple analytic form while the 
correlation functional has limited expression and various different correlation 
functionals have been devised. Some of the most known LDA correlation functionals 
are VWN, PZ81, CP and PW92. 
The generalized gradient approximation DFT methods, in addition to electron 
density, also take into account of the gradients of electron density in their expression 
of exchange-correlation functionals. Meta-GGA methods further include the 
Laplacian of the electron density term. Hybrid DFT methods include some of the 
exact exchange energies from the Hatree-Fock method and some exchange-correlation 
methods from other sources. Some of most popular DFT methods applied in 
computational studies of organocatalysis are B3LYP and the M05 and M06 family 
methods.  
B3LYP (Becke19, three-parameter, Lee-Yang-Parr20) is a hybrid functional method 






















xc EEE ,,  are the exchange-correlation, exchange and correlation functionals 
of the VWN local density approximation; GGAxE  is the Becke  88 exchange 
functional of generalized gradient approximation and GGAcE  is the Lee-Yang-Parr 
correlation functional; The three parameters, cxo aaa ,, , are then determined by fitting 
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the predictions of the method to a set of experimentally determined or theoretically 
calculated thermodynamic data such as atomization energies, ionization potentials and 
proton affinities. In computational studies of organocatalysis, B3LYP has been shown 
to do decently for some reactions but deviate greatly from experimental observations 
for others. In particularly, B3LYP is known to perform poorly for predictions of 
reaction kinetics and for geometries and energies of molecules with long range 
interactions.   
The M05 and M0621 methods are a family of hybrid DFT methods developed by 
Truhlar and Zhao. The general formula for the exchange-correlation functionals of the 












 (2.37)   
The first term is the exchange energy from Hartree-Fock method, and the next two 
terms are the local DFT exchange and correlation energies. X is the percentage of HF 
exchange included in the methods and is determined by benchmarking the methods 
against selected thermodynamic databases. The M05 and M06 family of DFT 
methods are known for their good results for conjugated π systems and weak 
non-covalent interactions. In particularly, M06-2X was found to perform the best 
among the family for π-π stacking interactions, which is important to our study of 
organocatalysis but is traditionally considered not suitable with DFT methods.  
   
2.5 Solvation Methods 
Theoretical calculations are typically carried out without the presence of solvents, 
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the so called gas phase calculations. The simplicity and speediness of gas phase 
calculations render them the first choice for studying molecular systems and reactions, 
even though most of molecules are not isolated and most reactions not without a 
solvent. This approach is usually valid and adequate when the solvent used are 
relatively non-polar so that there are minimum interactions between the solvents and 
the solutes. Sometimes, gas phase calculations can even predict qualitatively the 
experimental results. However, there are cases when a polar solvent, e.g. DMSO or 
water, is used or there are conceivable strong interactions between the solvents and 
the solutes, e.g. H-bonds. Gas phase calculations might predict geometries that are 
significantly different from those observed experimentally. Thus theoretical 
calculations considering the solvent effect must be used.  
It is not trivial to incorporate the solvents into calculations, though. The solvent 
molecules are in a state of constant chaos. The interactions between the solvent 
molecules and the solute molecules and between the solvent molecules themselves are 
usually fairly weak. Explicitly incorporating all the weakly-interacting solvent 
molecules into calculations is not only impractical for quantum mechanical 
calculations but also a waste of computing resources. Two complementary approaches 
of solvation calculations are available today. In the first approach, only selected 
solvent molecules are explicitly added to the model system. However, selection of the 
number of solvent molecules included and where they should be placed could be 
tricky. One plausible approach is to add solvent molecules incrementally at places 
manually chosen until further addition of solvent molecules changes the energy of the 
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system at a constant rate. This approach requires repeatedly optimizing geometries 
after the addition of solvent molecules and there is no systematic way to guide the 
selection of the positions of the solvent molecules. Except in cases where the explicit 
nature of the solvent molecules is important, e.g. the solvent being a proton acceptor, 
this approach is rarely used.  
The second approach is to treat the solvent as a polarizable continuum. Two 
commonly employed models within this approach are the simpler Onsager model and 
the PCM model   
    
2.5.1 The Onsager Solvation Model 
The Onsager solvation model22, also called the self consistent reaction field 
(SCRF) model, is the simplest of all implicit solvation models. Solvent is implicitly 
treated as a polarizable continuum characterized by its dielectric constant . The 
Solute molecule is then put inside a spherical cavity inside the continuum field. The 
dipole of solute molecule will induce a reaction field in the surrounding medium 
which in turn will induce an electric filed in the cavity that interacts with the solute 
dipole. The Onsager model is easy to implement and analytical expressions for both 
the first and the second derivatives are available. However, treatment of the solute 
molecule inside a spherical cavity is only good if the molecule is spherical or near 
spherical. This inaccuracy in describing the cavity shape in the Onsager model has 




PCM23 uses overlapping van der Waals surfaces of atoms and groups to construct 
the solute cavity instead of using a single sphere for the whole molecule. Cavity 
surface is then divided into a number of small surface elements of size S . An initial 
point charge of magnitude  
 SEq ii  )4
1( 
  (2.38) 
was assigned to the surface element i , where iE is the electric field gradient at i due 
to the solute. The potential due to all the point charges is found, giving a new electric 
field gradient. The point charges are altered accordingly until they converge. The 
Hamiltonian operator is perturbed to include the potential energy from the surface 
point charges. SCF was carried out to solve the Schrödinger equation variationally. 
After each SCF cycle, new values of iq  and perturbation were computed.  
Variations on the PCM model are available too, e.g. IPCM, SCIPCM, CPCM. 
They offer much reliable results than the simple Onsager model. However, it should 
be noted that the PCM models only consider electrostatic interaction between the 
solvent and the solute. In some solvents, other non-electrostatic interactions might 
dominate.  
  
2.6 Opt for an Optimal Theoretical Methodology  
Because of the various limitations on available tools in computational chemistry, 
choosing an optimal theoretical methodology couldn’t be more important. Two 
criteria are considered when choosing a theoretical methodology in this thesis. (1) Are 
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there any literature reports of successful application of the same methodology on 
related systems? (2) If criterion 1 is not met, does benchmarking against higher level 
theories support the choice?  
DFT methods B3LYP and M06-2X with moderate basis sets such as 6-31G* or 
6-31G** have been shown to be adequate for geometry optimization of organic 
molecules. Where applicable, M06-2X was chosen to study systems with conceivable 
non-covalent weak interactions such as the π-π interaction. These include chapter 3 of 
study of the SOMO allylation, chapter 5 study of the Michael addition. Furthermore, 
M06-2X was reported to give better reaction kinetics than B3LYP. In chapter 7 of 
studying reaction profiles of the aldol reaction in aqueous solution, M06-2X was 
chosen over B3LYP for this reason. For aldol reactions, benchmarking against 
experimental results showed that B3LYP outperform M06-2X which predicts the 
opposite stereoselectivity. As a result, in chapter 6 studying of the aldol reaction, 
B3LYP was chosen. For the less computing resource demanding single point 
calculations, MP2 with the larger basis set 6-311+G** was used, except in chapter 6 
when benchmarking favors the use of B3LYP method. 
Free energy and enthalpy can be compared directly with experimental results. All 
calculations were reported with the free energy and/or enthalpy corrections unless 
otherwise stated. Detailed description of the theoretical methodologies can be found 
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 Chapter 3 
















3.1.1 History and Background 
Research in organocatalysis has been intensifying since its start in 2000. Much of 
the efforts have been devoted to developing more efficient catalysts for asymmetric 
induction. Despite the large number of organocatalysts today, relative few activation 
modes are known. Professor MacMillan defines an activation mode as, 
“A generic activation mode describes a reactive species that can participate in 
many reaction types with consistently high enantioselectivity (as opposed to one or 
two unique transformations).”1  
 
3.1.2 MacMillan’s Catalyst and The SOMO Activation Mode 
Prior to the discovery of Singly Occupied Molecular Orbital (SOMO) activation 
mode in 2006 by MacMillan’s group, there were only three activation modes known 
to chemists studying organocatalysis at that time. They are the enamine, the iminium 
and the hydrogen bonding catalysis respectively. Among the three, the enamine and 
the iminium catalysis are closely related to each other. The active species, the enamine 
and the iminium intermediates, are in equilibrium at experimental conditions, 
N N-H+
 
Scheme 3.1. Enamine-iminium equilibrium  
 
Frontier orbitals of the enamine and iminium are delocalized π orbitals. Counting 
the number of π electrons contained, an enamine has four while an iminium only two. 
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MacMillan’s group proposed that an active species containing three π electrons, 
oxidized from the electron-rich enamine, might have a different chemistry from both 
the enamine and the iminium catalysis. Later, this idea was confirmed by his group in 
the milestone study of the α-allylation reaction of aldehydes2. In this study, an 
imidazolidinone catalyst, cat-1, was used to catalyze the reaction. 
 
 
Scheme 3.2. The SOMO allylation reactions of aldehydes catalyzed by cat-1. A 
radical cation species was proposed as the reactive intermediate.  
 
3.1.3 Reaction Scope 
The proposed reactive intermediate is a radical species with an electron-deficient 
character. It was predicted to react with a variety of mildly electron-rich π compounds, 
termed somophiles. To date, there have been quite a few experimentally verified 
SOMO transformations, including the α-allylation2, the α-enolation3, the α-vinylation4, 
the α-chlorination5 of aldehyde, the carbo-oxidation6 of styrene, the cyclization of 
polyene7, and the α-alkylation of ketones8. These transformations are extremely useful 
to construct stereogenic centers at the α position of carbonyls with electron-rich 
substituents, not accessible with conventional tools. Despite the novelty of this 
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activation mode, little direct information was known about it, especially the reactive 
intermediate. Here we carried out a computational study of the milestone reaction, the 
α-allylation of aldehydes, to elucidate the nature of the reactive intermediate and the 




















3.2 Computational methods 
For geometry optimizations, the density functional theory method M06-2X is used 
with a moderate basis set 6-31G*. M06-2X has been shown to perform better than 
conventional DFT methods such as B3LYP in describing the π types of interaction, 
such as the CH-π and π-π interactions which were found to play an important part in 
stabilizing the radical cation intermediates and the transition states of this study. 
Benchmarking of various DFT methods also showed that M06-2X performs the best 
(see supporting information). The SOMO allylation of aldehydes involves electron 
deficient radical cations as intermediates, and thus the moderate basis set 6-31G* is 
adequate for geometry optimizations. Single point energy calculations are performed 
at the M06-2X/6-311+G** level. DFT calculations with B3LYP method were reported 
in reference 2. For the purpose of comparison with literature reports, where applicable, 
B3LYP calculations were also reported in the study. All calculations were performed 










3.3 Results and Discussion 
3.3.1 The Proposed SOMO Mechanism  
Prior to the discovery of SOMO catalysis, McMillan’s imidazolidinone catalyst, 
cat-1, had been a powerful catalyst for addition reactions across α, β unsaturated 
double bonds of aldehydes9 (Scheme 3.3). The reactions proceeded via a 
LUMO-activated pathway during which the aldehyde substrates were converted to 






















Scheme 3.3. LUMO activation catalysis by cat-1 
 
In the same way iminium intermediates define the LUMO activation, radical 
cation intermediates were proposed as the key reactive species in the SOMO 
activation. In the proposed mechanism as shown in Scheme 3.4, radical cation species 
were generated from oxidation of the enamine intermediates. Their electron-deficient 
radical nature made them excellent candidates for addition reactions to electron rich π 
compounds. The consistently high enantioselectivities observed experimentally were 
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Scheme 3.4. Proposed Catalytic cycle for SOMO α-allylation reaction of aldehydes 
 
3.3.2 Selective Oxidation          
In Scheme 3.4, allylation of aldehydes via the SOMO catalysis activates the α 
carbon atom of the aldehyde substrate as a radical. There are two possible pathways 
that the α carbon of aldehyde can be activated. The first pathway involves oxidation 
of the enamine intermediate as shown in Scheme 3.4, while the second pathway 
involves direct oxidation of the aldehyde substrate10 followed by a proton abstraction 
(Scheme 3.5).  
Experimentally, SOMO reactions require two mole equivalents of oxidants. The 
proposed catalytic cycle in Scheme 3.4 contains a second oxidation of a β-silyl radical 
intermediate. Rapid oxidation of this radical intermediate is important to minimize 
side reactions caused by radical addition or abstraction. In addition, the 
imidazolidinone catalyst is also a potential competitor for oxidation.  
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Scheme 3.5. Direct oxidation of the aldehyde substrate  
 
To assess the selectivity of the oxidation steps, vertical ionization potentials were 
evaluated at both the B3LYP/6-311+G** and the M062X/6-311+G** levels. A simple 
model β-silyl radical was used. Results were tabulated in Table 3.1.  
 
Table 3.1. Ionization potentials of selected molecules. For the enamine, R1=Me (see 
Scheme 3.4). 
 
Molecule B3LYP/6-311+G**// B3LYP/6-31G* 
M062X/6-311+G**// 
M062X/6-31G* 
Catalyst 8.1 ev 8.6 ev 
Enamine 7.2 ev 7.4 ev 
Proponal 9.9 ev 10.1 ev 
 7.2 ev 7.3 ev 
  
 Our calculation confirmed that (1) the two oxidation steps of the proposed 
catalytic cycle had almost equal vertical ionization energy at both levels of theory (2) 
both the enamine and the β-silyl radical intermediate can be oxidized with good 
selectivity in the presence of the imidazolidinone catalyst and the aldehyde substrate.  
 
3.3.3 Nature of the Radical Cation Intermediate 
The radical cation intermediate of the allylation reaction of propanal catalyzed by 




Scheme 3.6. Resonance structures of the radical cation intermediate  
 
In MacMillan’s original paper, it was proposed that the structure A is the major 
resonance structure. Later on, a computational study of intramolecular arylation via 
the SOMO catalysis by Houk et al. 11 showed that the radical cation intermediate was 
best characterized as an alkyl radical conjugated with an iminium cation. In that study, 
the magnitudes of atomic charge were used to evaluate the distribution of positive 
charges, and bond lengths were compared to those of enamine and iminium 
intermediates. Although this approach offers an intuitive interpretation, it does not 
differentiate the two types of atomic charges present in the radical cation intermediate. 
The first type of charges is due to the electron negativity differences between different 
types of atoms. The second type of charges is due to the electron removal by 
oxidation during catalysis. The radical cation has a formal charge of +1 while the 
enamine has a formal charge of 0. We propose that comparing atomic charges of the 
same atoms in the enamine and in the radical cation should give a good idea of the 
distribution of formal charges in the radical cation, as opposed to simply looking at 
the magnitudes of atomic charge in the radical cation.  
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Scheme 3.7. NBO charge analysis of the enamine and the radical cation intermediates  
 
In the enamine intermediate, there are three functional groups having a π orbital, 
the amide group, the phenyl group and the enamine group. As our results in Scheme 
3.7 showed, the formal positive atomic charges accumulated predominantly in the 
enamine moiety which accounted for approximately 60% of all the formal charges. 
More importantly, the nitrogen atom and the carbon atom β to it had the most formal 
charge accumulations, each about a quarter of the total formal charges. None of the 
resonance structures listed in Scheme 3.6 is a good representation of the formal 
charge distribution.  
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Figure 3.1. A spin density plot of the radical cation intermediate E1-1. 
Spin densities are plotted in Figure 3.1. Majority of the spin is on the nitrogen and 
the β carbon atom of the enamine moiety, with the β carbon having a slightly higher 
spin density. Thus we suggest the radical cation should be better represented as the 
structure E, with the formal charges and spin densities almost equally distributed over 










3.3.4 Conformers of the Radical Cation Intermediate 
It is understood that the conformation of the radical cation intermediate is crucial 
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to the selectivity of the reaction as a whole. A systematic analysis of the radical cation 
intermediate was performed.  
Firstly, four different isomers of the radical cation were identified, namely E1, E2, 
Z1 and Z2. E1 was predicted by our calculation to be at least 10.5 kJ/mol lower in 
free energy than the rest isomers. This is clearly a result of the steric preference of the 
radical cation moiety to position itself away from the bulky t-butyl group and the ring 
.  
 
Scheme 3.9. Relative free energies of the enamine isomers in kJ/mol 
 
Secondly, besides isomerism, E1 can have different conformations due to the free 
rotation of the side chain benzyl group. A systematic scan of the dihedral angle around 
the PhC-C(imidazolidinone) bond revealed three minimums on the potential energy 
surface. The lowest energy conformer, E1-1, had the side chain phenyl group covering 















































Figure 3.3. The three conformers of enamine E1, from top to bottom, E1-1 (0.0 
kJ/mol), E1-2 (11.8 kJ/mol) and E1-3 (19.5 kJ/mol). Energies are given as relative 
free energies with respect to E1-1.  
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3.3.5 Substituent Study of the Radical Cation Intermediate 
In the above conformation analysis of the radical cation intermediate, the α t-butyl 
group is clearly a blocking factor. However, the function of the α benzyl group is not 
clear. Scan of the benzyl conformation shows the lowest energy conformation having 
the phenyl group floating above the radical cation moiety, instead of positioning away 
from it. The intimacy of the two moieties suggests a unique role of the benzyl group. 
To gain further insights of the role of the two substituents, we investigated different 










Strcture 1 Strcture 2  
Table 3.2. Substituent study of the enamine and radical cation intermediates. ΔEx 
refers to (E2-E1) for x intermediates (x=enamine, radical cation). Energies were 
calculated at M062X/6-311+G**//M062X/6-31G*(B3LYP/6-311+G**// 
B3LYP/6-31G*) levels without zero-point-energy corrections. 
 Substituents ΔEenamine/ kJ·mol-1 
ΔEradical cation/ 
kJ·mol-1 
1 R1=Bz, R2=H -5.0 (-8.8) 6.4 ( 1.5) 
2 R1=H, R2=t-Bu 4.5 ( 6.0) 7.2 ( 9.3) 
3 R1=Me, R2=t-Bu 5.7 ( 6.0) 9.2 (10.6) 
4 R1=Bz, R2=t-Bu 3.8 ( 0.7) 14.9 (11.3) 
 
Our calculations show some interesting conclusions. Firstly, the benzyl group 
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interacts with the enamine moiety differently from the radical cation moiety, as 
indicated by entry 1 of Table 3.2. For enamine, structure 2 is preferred; while for 
radical cation structure 1 is preferred, which contradicts to the expectation of the 
benzyl group functioning as a simple steric factor but suggests favorable interaction 
between the benzyl group and the radical cation moiety. Secondly, both the benzyl 
group and the t-butyl group contribute to the calculated large energy difference 
between the radical cation E1 and E2, and our calculations also show that the 
contribution from both groups is linear and additive. Thirdly, comparing to the benzyl 
group, small non π-electron-rich substitutes, such as methyl and hydrogen, reduce the 
energy preference of structure 1 when they are substituted at the R1 position with the 
t-butyl group at the R2 position. Fourthly, from entry 4 of Table 3.2, the low 
selectivity among the enamine isomers suggests that the rate-determining step of the 
reaction is most likely after the enamine formation step. Lastly, we note that B3LYP 
calculation significantly underestimates the favorable interaction between the benzyl 
group and the cation radical moiety.   
The origin of the favorable interaction between the benzyl group and the radical 
cation moiety is not clear. Examining the geometry of E1-1 reveals that it is most 
probably corporative CH-π interactions from the radical cation moiety to the benzyl 
moiety. Previous theoretical calculation of an ethylene-benzene dimer and an 
acetylene-benzene dimer at the MP2/cc-PVTZ level by Tsuzuki et al.12 showed that 
the optimal distance between the ethylene hydrogen and the center of benzene ring is 















                
Figure 3.4. CH-π distances in E1-1 (top), its enamine precursor (middle), 
C2H4-benzene dimer (bottom left) and C2H2-benzene dimer (bottom right), measured 
in Å. Structures of E1-1 and its enamine precursor are optimized at M06-2X/6-31G* 
level.  
 
It was also shown that electrostatic interaction is very significant for the 
acetylene-benzene dimer, but not for the ethylene-benzene dimer. The authors 
 59
attributed the greater electrostatic interaction in the acetylene-benzene dimer to larger 
C-H bond dipole and concluded that electron-withdrawing substituents on the carbon 
atom would enhance the electrostatic component of CH-π interaction.   
The measured CH-π distances in the radical cation intermediate E1-1 and its 
enamine precursor are far shorter than 3.6 Å predicted for the ethylene-benzene dimer 
and 3.4 Å for the acetylene-benzene dimer (Figure 3.4). At the short CH-π distances 
of <3.0 Å observed for structure 1 of the enamine precursor, reference 12 predicted a 
repulsive interaction between ethylene and benzene. Despite the fact that our 
geometries are optimized with a DFT method, it is still reasonable to attribute the 
preference of structure 2 for entry 1 of Table 3.2 to the closeness of the C-H bond of 
the enamine to the benzyl group in structure 1, for it is well known that DFT methods 
underestimate dispersion interaction13 and thus predicts a longer equilibrium distance, 
if it exits at all, for the CH-π interaction.  
However, in the case of the radical cation, the positive charge which will help to 
increase the bond dipole of the hydrogen donor C-H bond. Greater electrostatic 
interaction and thus shorter CH-π distances are expected for the radical cation 
intermediate. It is most probably that at the distance range of 2.5-3.0 Å CH-π 
interaction of the radical cation is attractive.  
Another plausible explanation for the attractive interaction between the radical 
cation moiety and the benzyl group is the π-π+ interaction. However, a proper 
treatment of π-π+ interaction requires a better description of the dispersion with higher 
level ab initio methods such as MP2 and CCSD(T)14  and large basis sets. Further 
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studies are needed.    
Through our conformation study and substituent study, we conclude that for the 
radical cation intermediate favorable interaction between the π-electron-rich benzyl 
group and the electron-poor radical cation moiety contributes significantly to (1) the 
high preference of E1 isomer (2) the adoption of E1-1 conformation with the benzyl 
group above the radical cation moiety.  
 
3.3.6 Mechanism Study 
It was proposed that in the crucial intermolecular addition step it is the β carbon of 
the radical cation intermediate that attacks the less substituted carbon of allylsilane in 
a radical addition manner (Scheme 3.10 pathway A). As the charge and spin analysis 
showed, there are significant positive charges and spin densities on both the nitrogen 
atom and the β carbon atom. Alternative pathways are possible if the radical cation 
intermediate attacks allylsilane with the nitrogen atom (Scheme 3.10 pathway B) or at 
the more substituted end of allylsilane (Scheme 3.10 pathway C). Furthermore, it is 
mechanistically important to establish the nature of the intermolecular addition step to 
understand whether it should be classified as a radical addition step, a cation addition 





































Scheme 3.10. Different mechanisms of C-C formation step 
 
We carried out a model study with a simplified radical cation intermediate and 
allylsilane (Scheme 3.11). Results are showed in Table 3.3. 
 
 








Table 3.3. Computed ΔG298 values with respect to the radical cation intermediate + 
allylsilane for the three pathways. Energies are given in kJ/mol.  
Pathway Transition State Product 
A 35.7 -2.2 
B 88.1 73.4 
C 68.6 20.3 
 
 It is clear that pathway A has the lowest-energy transition state and the 
lowest-energy immediate product among the three pathways. Formation of an 
ammonium ion through pathway B is highly unfavorable with an activation free 
energy of 88.1 kJ/mol, as compared to a low activation free energy of only 35.7 
kJ/mol for the formation of an iminium ion through pathway A. The product of 
pathway B has a tetra-substituted nitrogen atom adjacent to two tri-substituted carbon 
atoms; while pathway C generates a methyl radical or carbocation, depending on the 
actual number of electrons transferred. Either way, the formation of a primary radical 
or carbocation is not favored.   
An analysis of the charges and the spin densities was performed for PRD_A. 
Contrast to the radical cation immediate whose spin densities are delocalized into the 
nitrogen atom of the catalyst moiety and the carbon atom β to it, the product of the 
intermolecular addition has the spin highly localized to the more substituted carbon 
atom of the allylsilane moiety. Charge-wise, atomic charges of PRD_A are very close 
to those of an iminium ion, while the N-C bond distance of the original enamine 
moiety is now measured at 1.283 Å, also very close to the N=C bond distance of an 
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iminium ion. As a consequence, it is established unambiguously that the SOMO 
allylation reaction is a radical addition reaction between a radical cation and a 
π-electron rich somophile. The product of the SOMO allylation is best described as an 
iminium ion and a non-conjugated radical.  
 
3.3.7 The Stereoselectivity of the Reaction 
We have established through our calculations that in the critical intermolecular 
addition step it is the β carbon of the radical cation intermediate that attacks the less 
substituted carbon of allylsilane through a radical mechanism. We have also showed 
that the product β-silyl radical can be as easily oxidized as the enamine intermediate. 
In the presence of two mole equivalents of oxidant, one equivalent for the enamine 
oxidation and the other for the β-silyl radical oxidation, we reason that the product 
distribution should depend on the rates of formation of the β-silyl radicals, rather than 






   
 
Figure 3.5. NBO charges (left) and spin density plot (right) of PRD_A at 
M06-2X/6-31G* level. The N-C bond distance is also given. Atomic charges of 
hydrogen are summed into heavy atoms.  
 
3.3.8 Transition State Study 
SOMO allylation of propanal generates one stereogenic center at its β carbon. In 
the C-C bond forming transition states, this β carbon is pro-chiral. In other words, it 
can attack allylsilane with either its Si or Re face. Although the less substituted carbon 
of the C=C bond of allylsilane is not pro-chiral, the more substituted carbon is. We 
expect the pro-chirality of this carbon to play a minor role in the transition state study. 
Furthermore, we assume the E1 configuration for the radical cation intermediate and 
an anti-conformation around the forming C-C bond for all transition states. A 
parameter θ is defined to distinguish various anti transition states with the same 
pro-chiral faces. In total, eight transition states are studied (Scheme 3.12). Results are 
summarized in Table 3.4.  
From Table 3.4, it is noted that among the various transition states leading to the R 
 65
product (radical cation attacks with the Re face) there is a moderate preference for 
TS_Re_Re_300 (ΔH > 6 kJ/mol, ΔG > 3 kJ/mol). The Lowest-energy transition state 
leading to the S product is TS_Si_Re_180. The predicted enantiomeric excess for the 
SOMO allylation of propanal at -20oC would be 97%, basing on relative enthalpies, 
and 96%, basing on relative free energies, in good agreement with experimentally 
observed ee of 91%-95% for aliphatic aldehydes.  
To further elucidate the origin of stereoselectivity of the SOMO allylation reaction, 





Scheme 3.12. Transition state analysis of the SOMO allylation reaction. Pro-chiral 
faces of allylsilane and the radical cation intermediate are highlighted in blue while 









Table 3.4. Calculated relative enthalpies and free energies of transition states of the 





ΔH ΔG ΔH ΔG 
Re 
60 11.3 3.2 16.2 11.5 
180 9.9 4.6 6.3 3.4 
300 6.3 3.4 0.0 0.0 
Si 
60 14.2 14.8 - - 
180 - - 8.9 8.0 
    
Our calculations show that the allylic carbon of allylsilane is close to the 
developing iminium ion in TS_Re_Re_300. Charge Analysis reveals that this carbon 
atom has a significant negative charge due to the neighboring silyl group’s great 
ability to accommodate positive charge. Favorable electrostatic interaction between 
the allylic carbon and the developing iminium ion will stabilize TS_Re_Re_300 over 
other R-Product transition states as well as the S-Product transition states.  
In addition to the favorable electrostatic interaction present in TS_Re_Re_300, 
our calculations also show that favorable interaction between the radical cation 
moiety and the α benzyl group of imidazolidinone is retained in TS_Re_Re_300, and 












Figure 3.6. Optimized geometries of TS_Re_Re_300 (top) and TS_Si_Re_180 
(bottom) at M06-2X/6-311+G**//M06-2X/6-31G* level.   
 
However, in all the S-product transition states, this interaction is disrupted by the 
incoming somophile. It is worth to note that TS_Si_Re_180, with corporative weak 
CH…π interactions from the alkenyl H of allylsilane to the α benzyl group, is actually 
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lower in enthalpy, by 1 kJ/mol, than TS_Re_Si_180.   
 
3.4 Conclusion 
In conclusion, we have studied computationally the allylation of aldehydes via the 
SOMO activation. The reaction is confirmed as a radical addition between a radical 
cation, whose charges and spin densities are delocalized over the pyrrolidine nitrogen 
atom and the β carbon atom, and a π-electron rich allylsilane. Our calculation predicts 
ee in excellent agreement with experimental observations. The stereoselectivity of the 
reaction is attributed to (1) the favorable electrostatic interaction between the allylic 
carbon of allylsilane and the developing iminium ion in transition state if the 
allylsilane approaches from the Re face and (2) the disrupted interaction between the 
radical cation moiety and the α benzyl group of imidazolidinone if the allylsilane 
approaches from the Si face.  
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 Chapter 4 
“in silico” Designing of Organocatalysts for the Controlled 















In aminocatalysis, a large number of catalysts are so-called bifunctional catalysts1 
which contain one additional functional group besides the essential amino group. 
Typical second functional groups are Brønsted acid moieties such as the carboxyl and 
amide2 groups operating either a general acid/base activation or a hydrogen bond 
activation3. The two activation modes are closely related to each other. During 
catalysis, either the Brønsted acid moiety donates the proton to a proton acceptor of 
the reaction substrate, as in the acid/base catalysis, or it merely hydrogen bonds to an 
H-bond acceptor, as in the H-bond catalysis. Intermediates or transition states are 
stabilized by favorable electrostatic interactions between the proton/H-bond donors 
and acceptors. Both activation modes are commonly encountered in aminocatalysis.   
 
Scheme 4.1. Schematic representation of the stabilization of an enamine addition 
transition state by proton transfer  
 
It is also possible to catalyze an organic reaction asymmetrically via either the 
acid/base catalysis or the H-bond catalysis in combination with aminocatalysis. 
Experimental and theoretical studies of aminocatalysis4 in the past decade 
demonstrated that favorable interaction between the Brønsted acid moiety of a 
bifunctional aminocatalyst such as proline and the proton/H-bond acceptor of the 
reaction substrate is one of the most important factors of asymmetric induction for the 
studied reactions. Among the many examples, one of the best known is the (S)-proline 
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catalyzed direct intermolecular aldol reactions between ketones and aldehydes. 
Theoretical studies of aldol reactions by Houk and coworkers4a-4d have established 
that the H-bond between the α carboxylic group and the developing alkoxide is the 
differentiating factor for various approaches of the enamine intermediate to the 








Figure 4.1. Selected transition states of the proline catalyzed aldol reaction between 
acetone and benzaldehyde, optimized at M06-2X/6-31G** level. Hydrogen bonding 
in transition states is clearly seen and is attributed to be one of the asymmetry 
inducers.  
 
However, we noticed that for typical Brønsted acid groups used in organocatalysis, 
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e.g. the carboxylic and amide groups, there are a few conformations that are almost 
equally accessible and interconvertible via simple molecular motions such as a bond 
rotation.  
 
If such acid groups are used as asymmetry inducers alone, it would be hard to 
control and predict their proton transfer/H-bond patterns, which are highly desirable. 
Here we present our efforts to devise a scheme to achieve these goals.    
 
4.2 Inspiration by Nature  
Enzymes are always a source of inspiration for chemists looking for better ways to 
do catalysis. In an attempt to find novel catalysts permitting controllable and 
predictable proton transfer/H-bond patterns, we looked to nature for inspiration.  
As a general knowledge, it is known that many biological significant reactions 
involve proton transfers, e.g. the hydrolysis of peptide bonds by proteases. We are 
intrigued to ask the question, in a chemical environment full of protons and polar 
hydrogen, how nature controls proton transfer in the active sites of enzymes so 
precisely that protons will only be transferred to their desired locations. Fortunately 
for us, mechanisms of action for many biochemical reactions have been studied 
extensively so we have a thorough knowledge of how the catalyzed reactions occur 
inside the enzyme active sites.  
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Serine proteases5 are probably the enzyme family of whose catalytic mechanism 
we know the best. They are a family of enzymes that catalyze the hydrolysis of 
peptide bonds, found widely in biological systems from single-cell prokaryotes to 
mammals. Though having evolved into several subfamilies with diverged structures, 
all serine proteases share the same catalytic mechanism with a highly conserved 
catalytic triad in the active site consisting of serine, histidine and aspartic acid.     
 
4.2.1 Chymotrypsin 
Among the many serine proteases, one of best known is chymotrypsin, which is a 
pancreatic protease secreted in the small intestine of mammals. Crystal structures of 
chymotrypsin with various substrates have been reported in the literature and can be 
retrieved from the protein database. The active form of chymotrypsin consists of three 
polypeptide chains interlinked with S-S bonds. In the active site, the three highly 
conserved amino acid residues of serine protease family are Serine 195, Histidine 57 
and aspartic acid 102, which all lie closely within hydrogen bonding distances. The 
highly organized 3D structure of the Asp-His-Ser triad is shown in Figure 4.2. 
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Figure 4.2. The Asp-His-Ser triad inside the chymotrypsin active site. 
 
4.2.2 The Catalytic Mechanism of Chymotrypsin 
Chymotrypsin catalyzes proteolysis at the physiological pH, at which the aspartic 
acid 102 is deprotonated and servers as a general base, and the imidazole of histidine 
57 can either donate or accept a proton very rapidly. Hydrogen bonding between the 
Asp 102 and the His 57 aligns imidazole towards the Ser 195, and the triad forms a 
charge-relay system which can shuttle proton between the Ser 195 and the Asp 102. 
 During catalysis, the His 57 first deprotonates the Ser 195, creating a very 
nucleophilic alkoxide anion that will add to the amide substrate to form an 
acyl-enzyme tetrahedral intermediate. Reverse proton shuttling from the Asp 102 to 
the amine moiety of the peptide cleaves the amide bond, releases the C-terminal of the 
peptide and leaves an acyl-enzyme intermediate linked through a seryl residue. The 
Histidine 57 then abstracts a proton from a water molecule, turning it into a 
nucleophilic hydroxide, which will add to form a new tetrahedral intermediate. A 
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second reverse shuttling from the aspartic acid 102 to the seryl residue releases the 
N-terminal of the peptide and restores the catalytic triad to its initial state.  
  
 
Scheme 4.2. The catalytic mechanism of chymotrypsin 
 
4.2.3 The Carboxyl/Imidazole Catalytic Dyad 
Since our goal is to devise a scheme which permits controllable and predictable 
proton transfer/H-bond, we analyzed in details the functions of each of the three 
catalytic residues of chymotrypsin in operating the observed directional proton 
shuttling. Two out of the three residues, namely the aspartic acid 102 and the histidine 
57, are linked via a hydrogen bond at all times and perform every function at each 
step as a unit of two. They shuttle the proton to and from the serine 195 at the first and 
last step, to the amine moiety at step 3 and from the water molecule at step 4. They 
are hydrogen bonded to the nucleophilic seryl residue at step 2. In contrast, the serine 
195 functions as a nucleophile at the acylation step (step 2) and a leaving group at the 
deacylation step (step 5). The hydroxyl group of serine 195, regarding to proton 
shuttling, only acts as one of the several proton donors or acceptors. Hence the 
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generic functional groups to operate a proton shuttling mechanism, as observed in 
chymotrypsin, are a carboxyl group, as in the side chain of the aspartic acid 102, and 
an imidazole, as in the side chain of the histidine 57. The hydroxyl group of the serine 
195 can be replaced by a proton/H-bond donor or acceptor from the reaction substrate 
of interest.  
Here we define a catalytic dyad as consists of a carboxyl group and an imidazole 
group linked with a hydrogen bond. Equilibrium exists between the conjugated base 
form and acid form of the dyad. We envisage that the dyad may function as a simple 
Brønsted acid or Brønsted base catalyst or a H-bond catalyst, depends on which 
conjugated form dominates over the other under the actual conditions, although 
interconversion between the two forms is a precondition for both the acid and base 
catalysis.     
 
Scheme 4.3. The catalytic dyad and its base and acid forms 
Generalized mechanisms of Brønsted acid/base catalysis and hydrogen bond 
catalysis by a carboxyl/imidazole dyad are shown in Scheme 4.4.  
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Scheme 4.4. Proposed mechanisms for carboxyl/imidazole dyad in Brønsted 
acid/base catalysis and H-bond catalysis, R=reactant and P=product.     
 
We envision that the carboxyl/imidazole dyad may offer us means of fine-tuning 
the orientation and position of the imidazole, which participates directly in catalysis, 
to better suit the requirements of the reaction of interest, via a hydrogen bond to the 
carboxyl group. The imidazole group itself is an interesting functional group, with the 
proton transfer and H-bond largely confined to the plane of its aromatic ring, thanks 
to the sp3 hybridization of both the nitrogen atoms. In addition, the hydrogen bond 
between the carboxyl and the imidazole can enhance the acidity or basicity of the 
imidazole.   
 
4.2.4 Catalytic Dyads in Biochemistry 
 81
However, it should be noted that the concept of catalytic dyad is known in 
biochemistry for quite some time. There are even a variety of different dyads, e.g. 
His-His, His-Cys, Tyr-Glu, Ser-Lys and Asp-Asp6. The abovementioned Asp-His dyad 
is also known in the literature, and can be found in enzymes such as Ribonuclease A. 
Strangely enough, no report of application of the abovementioned dyads in 
organocatalysis has been found in the literature, either experimentally or theoretically, 
to the best of our knowledge.  
   
4.3 “in silico” Catalyst Design  
With increasing computational resource available to the theoretical chemistry 
society and deeper understanding of reaction mechanisms during the last few decades, 
there have emerged several studies that focus on designing organocatalysts 
computationally. Subsequent experiments verified these findings with moderate to 
good success. Encouraged by these studies, we carried out a similar study of “in 
silico” designing of organocatalysts basing on our understanding of reaction 
mechanisms and the chymotrypsin-inspired catalytic dyad of carboxyl/imidazole.  
The catalytic dyad is only loosely bonded with a H-bond. In chymotrypsin, they 
are also connected to the polypeptide chain. To construct an actual catalyst, an organic 
template supporting the dyad must be sought after. As aminocatalysis is the main 
objective of this thesis, three amino group containing organic templates were 




Scheme 4.5. Three organic templates considered for implementing the catalytic dyad 
of carboxyl/imidazole, from left to right, piperidine, pyrrolidine and bicyclic amine.  
 
Pyrrolidine ring was chosen for a model study for its easy synthesis, structural 
rigidity, higher enamine nucleophilicity and its many successful applications in 
organocatalysis. Thus we designed a simple β-amino acid catalyst by combining a 








Scheme 4.6. The designed catalyst with the carboxyl/imidazole dyad  
 
It should be noted that the designed catalyst contains an imidazole ring linked via 

























Scheme 4.7. Linkage of imidazole in the catalyst and histidine  
 
We did some preliminary modeling of a catalyst with an imidazole linked to a 
pyrrolidine as in histidine, but found that the pseudo-symmetry of the linkage to the 
pyrrolidine via carbon 2 in the designed catalyst greatly simplified conformational 
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analysis at each steps of calculation. Hence the catalyst with a linkage at carbon 5 is 
not considered in this thesis, but it should not be assumed that such a catalyst is 
inferior to our designed catalyst. In fact, synthetically, a catalyst with a linkage at 
carbon 5 might take advantage of its structural similarity to histidine.  
In the next three chapters, I will present model studies of our designed catalysts 
for two different organic reactions. In chapter 5, the Michael addition of aldehyde to 
nitrostyrene was studied as a model reaction for H-bond catalysis. In chapter 6 and 7, 
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 Chapter 5 















5.1 Introduction  
5.1.1 The Asymmetric Michael Reaction 
In organic chemistry, one central theme is the formation of new C-C bonds. Of 
the many well established transformations, the Michal reaction1, in which carbonyl 
substrates add to electron-withdrawn-group (EWG) activated alkenes, has been 
attracting much attention from chemists doing organocatalysis, with publications on 
organocatalyzed asymmetric Michael reaction increasing every year. In the Michael 
reaction, the carbonyl substrates are called Michael donors and the EWG activated 
alkenes Michael acceptors.       
 
 
Scheme 5.1. Michael addition 
 
Michael reaction is a useful transformation to construct two stereogenic carbon 
centers in one reaction. Asymmetric Michael reactions of aldehydes via enamine were 
known as early as the 1960s. In the context of organocatalysis, the proline-catalyzed 
asymmetric Michael reaction of unmodified ketones and nitro olefins was reported by 
List et al. in 20012; the first catalytic Michael reaction of aldehydes with nitro olefins 
was reported by Barbas et al. in the same year3, employing a chiral diamine catalyst, 
and the first catalytic direct Michael reaction of aldehydes and vinyl ketones was 
reported by Jørgensen et al. later in 20034. Today, catalytic asymmetric Michael 
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reaction is one of the hot research topics in organocatalysis.  
 
5.1.2 The Nitro-Michael Reaction 
When a Michael acceptor alkene is activated by a nitro group, the reaction is 
specifically called a nitro-Michael reaction (Scheme 5.1, EWG=NO2).  
Nitro group is a valuable synthetic precursor for many functional groups. 
Asymmetric nitro-Michael reaction, with the ability to generate up to three 
stereogenic centers in one reaction, when coupled with other organic transformations, 
provides chemists a useful synthetic tool to nitrogen containing compounds. They are 
routinely applied in the syntheses of natural products and in catalyses as well5.    
Both ketones and aldehydes can add to nitro alkenes in nitro-Michael reactions. 
Aldehyde donors bearing a tertiary α carbon have been particular useful to generate 
quaternary stereogenic centers, as demonstrated in the seminal study of Barbas et. al3.  
In this chapter, I will report our study of the Michael reactions of aldehydes and 
nitro olefins catalyzed by our designed organocatalysts.  
 
5.1.3 Review of Organocatalysts for the Nitro-Michael Reactions 
Before proceeding to study our designed organocatalysts, a historical review of 
organocatalysts for the nitro-Michael reactions of aldehydes is necessary to give the 












































Scheme 5.2. Selected organocatalysts used in the nitro-Michael reactions of 
aldehydes  
 
(S)-Proline, the simplest and earliest organocatalyst, is an efficient catalyst for 1, 
2 addition reactions like the aldol and Mannich reactions, but it was found to perform 
disappointingly in the nitro-Michael reactions of aldehydes, giving less than 5% yield 
and poor enantioselectivity of 25%3. Other pyrrolidine derived catalysts containing a 
Brønsted acid side chain such as the tetrazole in catalyst 3 gave equally poor results6.  
Secondary and tertiary diamines based on pyrrolidine such as those studied by 
Barbas3, e.g. catalyst 2 of Scheme 5.2, generally gave considerably improved yields 
(>70%), diastereoselectivies (>80:20) and enantioselectivies (up to 78%). A 
remarkably high stereocontrol can be achieved with catalyst 44, with good yield and 
an almost perfect enantioselectivity and diastereoselectivity. Catalyst 4 also permits 
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low catalyst loading (5 mol%) with only a slightly excess of the aldehyde (1.2 
equivalent). Besides these pyrrolidine based organocatalysts, several piperidine based 
organocatalysts, catalyst 5 and 67, and primary amine based bifunctional catalysts, 
catalyst 78a, can also promote the nitro-Michael reactions of aldehydes with 
reasonably high stereoselectivies.  
 
Table 5.1. Organocatalyzed nitro-Michael reaction of aldehydes  
Catalyst Loading(mol%)
R1 R2 Time Temp Yield(%) Syn/AntiSolvent
ee
(%)
13 20% i-Pr H 3d rt <5% 93:7THF 253
23 20% i-Pr H 3d rt 78 92:8THF 72
36 15% i-Pr H 1d 20oC 39 >95:5IPA/EtOH
37
44 20% i-Pr H 1d 23oC 77 94:6Hexane 99
44 10% n-Pr H 2d 0oC 74 95:5Hexane 99
57 15% n-Pr H 3d rt 88 87:13CHCl3 89
57 15% i-Pr H 3d rt 85 94:6CHCl3 88
67 10% Et H 2d 0oC 63 97:3CH2Cl2/
Hexane
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Despite the tremendous progress in this field, significant challenges remain. One 
of remaining problems of catalytic asymmetric Michael reactions is to promote high 
anti-selective Michael reactions with organocatalysts. Since the products of 
asymmetric Michael reactions typically contain two chiral centers, both the syn and 
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anti diastereomers are possible (Scheme 5.3). Except in a few cases where specific 
substrates are used, the syn products are usually the dominant diastereomers for 
pyrrolidine-based catalysts. So far only a handful of anti-selective Michael additions 
with ketone substrates8 have been reported, and only one with aldehyde substrates9.  
 
 
Scheme 5.3. Stereochemistry of the Michael reactions  
 
5.1.4 Modeling the Nitro-Michael Reaction  
As discussed in chapter 4, we had designed “in silico” an organocatalyst bearing 
a catalytic dyad of carboxyl/imidazole. We hypothesized that the designed catalyst 
might act as a Brønsted acid/base catalyst or an H-bond catalyst. In choosing a model 
reaction to test the efficiency of our designed organocatalyst, we think it is essential to 
choose a well-established reaction to study a computationally designed catalyst so as 
to avoid the double uncertainties in both the catalyst and reaction. 
 We hereby chose the Michael reaction of propanal and nitrostyrene as the model 
reaction for H-bond catalysis by our catalyst, for reasons that the nitro-Michael 
reaction of aldehyde was considered as one of the most important organic reactions 
for asymmetric organocatalysis and that it had been well studied both theoretically 
and experimentally4,10.  
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5.2 Computational Methods 
Equilibrium structures and transition states were fully optimized using the M06-2X 
density functional method together with the 6-31G** basis set. The M06-2X 
functional was chosen as this empirical functional is better suited than normal hybrid 
DFT methods (e.g. B3LYP) for handling the kinetics, thermodynamics, and 
noncovalent interactions such as the NH… interaction11. Frequency analyses were 
performed on the M06-2X/6-31G** optimized geometries to confirm the nature of the 
stationary points as equilibrium structures (with all real frequencies) or transition 
states (with only one imaginary frequency). Higher-level relative energies were 
obtained through MP2/6-311+G** single-point calculations. Unless otherwise noted, 
the relative energies reported in the text correspond to relative free energies at 298 K 
(G298), computed at MP2/6-311+G**//M06-2X/6-31G**. The effect of solvation 
was examined by an implicit polarisable continuum model12 (PCM). A charge density 
analysis was performed using the natural bond orbital (NBO) approach based on the 
M06-2X/6-31G** wavefunction. All calculations were performed using the Gaussian 








5.3 Results and Discussion 
5.3.1 Putative Enamine Mechanism for the Nitro-Michael Reaction 
The nitro-Michael reactions of aldehydes catalyzed by amine catalysts are 



























































Scheme 5.5. The putative enamine mechanism for the nitro-Michael reactions of 
aldehydes 
 
The catalytic cycle starts with condensation of the amine catalyst 1 and aldehyde 
substrate 2 to generate an iminium intermediate 4. Under acidic conditions, the 
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iminium intermediate 3 will lose a proton and be converted to a nucleophilic enamine 
intermediate 5. Addition of the enamine 5 across the conjugated double bond of the 
nitro olefin 6 gives a zwitterionic intermediate 7, which subsequently gets protonated 
to an iminium 8. Hydrolysis of the iminium 8 regenerates the catalyst 1 and gives a 1, 
4 conjugated Michael adduct 9, which completes the cycle.  
The rate-determining step of catalytic nitro-Michael reactions has been subjected 
to intense debates13. Enamine formation, enamine nucleophilic addition, and 
zwitterion 7 protonation all have been proposed in various studies. As complicated as 
the situation is, this study shall not contribute to the ongoing debate. Luckily, there is 
a general consensus as to what contributes to the stereoselectivity of the reaction. It is 
generally agreed that both the conformation of the enamine intermediate 5 and the 
subsequent nucleophilic addition are important contributing factors, and both are  
considered in the following discuss.  
Experimentally, rearranged isomers of the zwitterion 7, such as the C-alkylation 
intermediate 10 and the O-alkylation intermediate 11, are sometimes observed. These 
side reactions may deactivate the catalyst, although one recent study concluded that 
the cyclobutane intermediate 10 contributed positively to maintain the 
stereoselectivity once the C-C bond was formed13. However, it should also be noted 
that interconversion between these isomers does not rupture the newly formed C-C 




5.3.2 Enamine Conformation of Cat-1a 
Enamines contain a double bond conjugated to a neighboring nitrogen atom. 
Delocalization of electrons over the three atoms increases the bond order of N1-C2, 
resulting in its having some double-bond character. Restricted rotations around N1-C2 
and C2=C3 create isomerism for the enamine. Here we assign E/Z isomerism to 
C2=C3, as consistent with the literature, and cis/trans isomerism to N1-C2, as to 



























Scheme 5.6. Types of enamine isomerism (R2 contains the α carbon bearing the 
imidazole) 
 
Enamines derived from pyrrolidine-based organocatalysts and aldehydes have the 
E isomers greatly lowered in energy than their corresponding Z isomers, for the easily 
conceivable steric repulsion between the aldehyde alkyl groups and the pyrrolidine 
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rings in the Z isomers. As a result, only E isomers of enamines are considered in this 
study. They are either E-cis isomers or E-trans isomers.  
For each considered isomer, the carboxyl/imidazole dyad on the pyrrolidine ring 
can interact with each other in three different conformations. 
 
Scheme 5.7. The hydrogen-bonding patterns of the carboxyl/imidazole dyad 
 
In the stacked and open conformations, N-H of the imidazole is the H-bond donor 
while in the direct conformation the carboxyl group is the H-bond donor.   
In total, we have considered six enamine conformers, namely the cis-stacked, 
cis-open, cis-direct, trans-stacked, trans-open, and trans-direct conformers (E not 
included for clarity), with their relative energies summarized in Table 5.2.  
 
Table 5.2. Relative enthalpies and free energies of the enamine conformers of cat-1a 
in kJ/mol, calculated at MP2/6-311+G**//M06-2X/6-31G** level. 
enamine ΔH298 ΔG298 enamine ΔH298 ΔG298 
cis-stacked 6.8 1.1 trans-stacked 0.0 0.0 
cis-open 9.1 7.0 trans-open 10.6 6.2 
cis-direct 11.0 8.5 trans-direct 6.2 3.6 
 
Our calculation showed that among the six considered enamine conformers, the 
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trans-stack enamine had the lowest energy relative to the others, although ΔH and ΔG 
predictions differed quite a bit. This was an unexpected result, since we had been 
expecting the trans-open enamine to be the lowest energy conformer. The rationale 
behind our expectation was that in the trans-open conformation less steric repulsion 






Figure 5.1. The trans-stacked enamine of cat-1a with propanal, distance given in Å. 
 
Inspection of the structure of the trans-stacked enamine revealed several 
interesting interactions. As shown in Figure 5.1, the most prominent interaction was 
the hydrogen bond between the carboxyl and imidazole of the dyad, measured at 
1.753 Å. This conformed that our designed carboxyl/imidazole dyad preferred to be 
linked via the COOH…N(imidazole) hydrogen bond, as they were inside the active 
site of serine proteases. Weaker NH…π interaction between the NH(imidazole) and 
the enamine C=C bond was also evidenced in the structure. However, this interaction 
was not observed in the trans-open enamine conformer. Similarly, CH…π interaction 
between the pyrrolidine CH and the imidazole ring was not observed in the 
trans-open enamine either. We believed that these two factors contributed to the 
observed preference of the trans-stacked conformer over the trans-open conformer 
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predicted by our calculations. 
 
5.3.3 Transition State Study of Cat-1a 
For the nitro-Michael addition, the C-C bond-formation step is the step that 
determines the reaction stereoselectivity. As our goal is to devise a scheme of 
controlled hydrogen bonding/proton transfer via a carboxyl/imidazole dyad and we 
expected the trans-open enamine to be the lowest energy conformer, which was 
contradicted by calculations, we had hypothesized the lowest energy transition state of 
















Scheme 5.8. Initially hypothesized lowest energy transition state 
 
This was based on our hypothesis that hydrogen bonding to our designed 
carboxyl/imidazole dyad would dictate the face selectivity of the C-C bond-formation 
step, resulting in nitro-styrene attacking the trans-open enamine from the Si face, the 
same face as the carboxyl/imidazole dyad.  
 With this expectation in mind, we carried out an analysis of the transition states. 
We firstly applied the Heathcock model14 and made two key assumptions, (1) a 
staggered conformation around the forming C-C bond and (2) a closed transition state 
 100
except where open structures can be stabilized by conceivable hydrogen bonds. A 
closed transition state is defined as one in which a 6-memebered ring was formed 
between the C=C bond of the enamine moiety and the C=C-N=O moiety of 
nitrostyrene, connected together through the forming C-C bond and favorable C…O 
electrostatic interaction (highlighted with orange in Scheme 5.9); While an open 
transition state differs from a closed one in the dihedral angle around the forming C-C 
bond.    
 
Scheme 5.9. Closed transition states and open transition states for the nitro-Michael 
addition  
 
Optimized structures of the four lowest energy transition states leading to each of 
the four product diastereomers were presented in Figure 5.2, together with optimized 




























Figure 5.2. Optimized geometries of the transition states leading to the four product 
diastereomers. Our initially hypothesized transition state TS1RS-Hypo is also shown.  
 
To our disappointment, the lowest energy transition state, namely TS1-RS, was not 
our hypothesized structure, although it also led to the product (2R, 3S). To elucidate 
the origin of the preference of TS1-RS over TS1-RS-Hypo, we performed an AIM 
(Atom in Molecule) analysis of TS1-RS. Extensive weak interactions between the 
nitro group and the pyrrolidine ring were revealed by the AIM analysis (Figure 5.3). 
These include the CH…O type of interactions, indicated by bond critical points 3, 4, 5 
and 6, and normal hydrogen bonds, indicated by bond critical points 1 and 2. In 
addition, steric congestion around the α methylene group was observed in 









Figure 5.3. AIM analysis of TS1-RS. 
 
Although cat-1a was predicted to give both high diastereoselectivity and 
enantioselectivity, we envisaged that a better control of hydrogen bonding/proton 
transfer is feasible by introducing a methyl group to the α position of the pyrrolidine 
ring (cat-1b). The α-methyl group was expected to serve two purposes (1) to enhance 
selectivity among various enamine conformers, which will be discussed later and (2) 
to balance out the steric effect exerted by the α-methylene group so that face 
selectivity of the Michael addition would be dictated by a controlled hydrogen 




Scheme 5.10. Rational design of organocatalysts cat-1b from cat-1a, featuring the 
added methyl group. 
 
5.3.4 Enamine Selectivity of Cat-1b 
As stated above, we expected the added methyl group to enhance selectivity 
among the various enamine conformers. To confirm it, we carried out the same 
enamine conformer analysis for cat-1b. Optimized geometries and their relative free 
energies were summarized in Figure 5.4.  
Comparing to results of cat-1a, there was a large relative energy gap between the 
cis and trans enamine isomers, with the trans isomers > 15 kJ/mol lower than the 
corresponding cis isomers. This was the result we had expected. Also, there was an 
increased selectivity among the three trans conformers. The trans-stacked conformer 
was 11.3 kJ/mol lower than the trans-open conformer, as compare to a difference of 
6.2 kJ/mol for cat-1a. And the trans-stacked conformer was 5.2 kJ/mol lower than the 
trans-direct conformer, as compare to a difference of 3.6 kJ/mol for cat-1a. An 
explanation might be that the added methyl group was in gauche position to the 
imidazole ring in the trans-open and trans-direct conformers and hence unfavorable 
steric interaction between the added methyl group and the imidazole ring would raise 
























Figure 5.4. Optimized geometries of the six conformers of the enamine intermediate 




Great selectivity among trans/cis enamine isomers is imperative to good 
selectivity between the two pro-chiral faces of the enamine moiety. We also showed 
that adding a methyl group to cat-1a will lead to greater selectivity among the three 
different hydrogen bonding patterns, namely stacked, open and direct.  
 
5.3.5 Transition State Study of Cat-1b 
5.3.5.1 Transition State Analysis of Cat-1b 
Our approach to the systematic analysis of the transition states of the C-C 
bond-formation step is to firstly divide the analysis into two separable sub analyses 
and then unite them later. The two sub analyses are (1) analysis of the configurations 
of nitrostyrene with respect to the enamine moiety and (2) analysis of the hydrogen 
bonding patterns between the carboxyl/imidazole dyad and between the dyad and the 
Michael acceptor.   
The first analysis starts with the observation that there are two enamine isomers to 
be considered, namely the E-cis and E-trans isomers. For each isomer, four closed 
configurations are possible as illustrated in Scheme 5.11, e.g. configurations 1, 2, 5, 6 
all contain the E-cis isomer. This will lead to a total of eight different closed 
configurations. Only two open configurations, configuration 9 and 10, were 
considered because of an easily conceivable strong hydrogen bond of nitrostyrene to 
the carboxyl/imidazole dyad. For discussions on closed and open transition states, see 
section 5.3.3.  
Hydrogen bonding patterns between the carboxyl/imidazole dyad had been 
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analyzed in section 5.3.2 and will not be repeated here. Generally, only one functional 
group of the dyad would hydrogen bond to the Michael acceptor in transition states, 
although for configuration 1 we had identified a nitro-bridged hydrogen bonding 
network, which was considered alongside the carboxyl bridged network.  
Uniting the two analyses were performed manually and the results were presented 
in Table 5.3. It should be noted that several transition states were not considered 
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Scheme 5.11. The ten configurations of nitrostyrene with respect to the enamine 
moiety in cat-1b catalyzed sample nitro-Michael addition. The face out of the paper is 








Table 5.3. Hydrogen bonding pattern analysis of various configurations of nitrostyrene 




(a) There are two types of direct hydrogen bonding patterns accessible. Both are considered here  
 
(b) No transition state considered for configurations 3 and 4 due to obvious steric hindrance 
(c) Not considered because no obvious hydrogen bond stabilization of developing nitronate is 




5.3.5.2 Predicted Anti-Diastereoselectivity 
The four optimized lowest-energy transition state structures, namely TS2-RR, 
TS2-RS, TS2-SR and TS2-SS, that produce the four different stereoisomeric products 
were shown in Figure 5.5. The calculated activation barriers (ΔG‡298), with respect to 
enamine + nitrostyrene, of the four transition states leading to the formation of (S,S), 
(S,R), (R,S) and (R,R) products are 38.6, 62.1, 58.7 and 63.8 kJ/mol respectively. 
Formation of the (2S, 3S) anti diastereomer, via TS-2SS, has the lowest activation 
barrier. Thus cat-1b was predicted to be highly anti diastereoselective, in sharp 
contrast to the syn diastereoselectivity predicted for cat-1a. This finding is highly 
interesting as there is no general anti-protocol for organocatalyzed conjugate 



























Figure 5.5. Optimized geometries of the four lowest-energy transition states leading 
to the four product diastereomers. Relative free energies to TS2-SS are given in 
kJ/mol and distances are in Å.  
 
5.3.5.3 High Selectivity in Transition States 
Two remarkable observations were made during our analysis of transition state 
structures. First, we observed that TS2-SS was derived from the lowest energy 
trans-stacked enamine conformer, while the other 3 transition states, TS2-RR, 
TS2-RS and TS2-RR, were derived from the higher energy cis-open and cis-stacked 
conformers. Second, we also observed that among the various transition states leading 
to the (2S, 3S) product, TS2-SS is the only low-lying transition state by a considerable 
margin. In other words, attacking of the trans-stacked enamine by nitrostyrene in 
transition states was highly specific, producing TS2-SS as the only low-lying 
structure. 
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This excellent selectivity in transition states of the trans-stacked enamine 
conformer was attributed to three important factors: (1) its unusual stacked 
conformation (2) the introduction of an α-methyl group and (3) our designed 
carboxyl/imidazole dyad.  
Our calculations clearly showed with the hydrogen bonding network between the 
carboxyl/imidazole dyad firmly stacked with the backbone pyrrolidine ring in the Re 
face and the added methyl group to block the Si face, the trans-stacked E enamine had 
excellent Re-face selectivity. Together with the high directionality in hydrogen 
bonding of our designed carboxyl/imidazole dyad, it is understandable why such a 
high selectivity was observed for the trans-stacked conformer.  
Besides being the only low-lying transition state derived from the trans-stacked 
enamine, TS2-SS also avoided steric congestion at the α position of the pyrrolidine 
backbone, which was observed for the other three higher-energy transition states. 
 
5.3.5.4 The Origin of the Anti Selectivity 
It is intriguing to ask the question: why anti selectivity was predicted for our 
designed catalyst cat-1b, but not observed in most other organocatalysts reported in 
the literature. A literature review of the nitro-Michael reaction showed that the most 
widely accepted transition state for syn-selective reactions is proposed to have a 
synclinal structure1c,1e, in which the electron rich nitrogen atom of the enamine moiety 
lies closely to the electron poor nitro group of the acceptor. Favorable electrostatic 
interaction stabilizes the synclinal transition state. In addition, hydrogen bonding 
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stabilization is feasible if a hydrogen-bond donor is adjacent to the nitro group on the 























Scheme 5.12. Exo/endo transition states of the nitro-Michael reactions 
 
However, none of the four calculated transition states in Figure 5.5 adopted a 
synclinal structure. To facilitate the discussion of various configurations of 
nitrostyrene with respect to the enamine moiety, we defined a closed transition state as 
either an exo transition state or an endo transition state, as shown in Scheme 5.12. The 
synclinal structure found in the literature corresponded to our defined endo transition 
state.   
Examining the four structures of Figure 5.5 showed that two of the transition 
states, TS2-SS and TS2-RR, adopted the unusual exo configuration, while the 
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remaining two transition states, TS2-RS and TS2-SR, were open transition states and 
hence were neither endo nor exo transition states. To further shed light on the unusual 
anti-selectivity of cat-1b, two endo transition states, TS2-SR’ and TS2-SR’, were 
studied. Optimized structures were presented in Figure 5.6.  
It was noted that both endo transition states are significantly higher in energy (by 
~30 kJ/mol) than the exo TS2-SS, although all three are derived from the same 
E-trans enamine. As evidenced in the optimized geometries, the COOH …
N(imidazole) hydrogen bond is disrupted in these two endo transition states. More 
importantly, the nitro group is in direct close contact with the α-methylene group, 
causing significant steric repulsion. On the contrary, the exo TS2-SS maintains the 
hydrogen bonding network and yet still avoids any unfavorable steric interaction with 
either the α-methyl or the α-methylene group, albeit at the cost of losing some 
favorable electrostatic interaction. The key electrostatic interactions in the endo and 
exo transition states are supported by calculated NBO atomic charges, and important 



















Figure 5.6. Optimized geometries of endo transition states TS2-SR’ and TS2-SR’’. 









Figure 5.7. Atom In Molecule (AIM) analysis of bond critical points revealing 
several important weak interactions that are important for TS2-SS.  These includes, 
 
1, COOH-N(imidazole) H bond          2, CH-N(imdiazole) intereaction 
3, CH-O(Nitro) interaction              4, NH-O(Nitro) H bond 
5, C-O(Nitro) intereaction              6, forming C-C bond 
 
Red dots represent calculated bond critical points for respective interactions 
 







Scheme 5.13. Cat-1c 
 
We had postulated in section 5.3.5.3 that the designed carboxyl/imidazole dyad is 
important for the highly directional hydrogen bonding to nitrostyrene in TS2-SS. To 
assess the directing effect of the carboxyl group, we investigated another catalyst, 
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cat-1c, in which the β-carboxyl group was deliberately removed. Result of transition 
state analysis of cat-1c catalyzed sample Michael reaction was summarized in Table 
5.4 and Figure 5.8. 
 
Table 5.4. Energy profiles of the lowest-energy transition states of cat-1c catalyzed 
sample Michael addition at MP2 6-311+G** level, with enthalpy or free energy 
corrections at M062X/6-31G** level. Units are in kJ/mol. 
Transition State ΔH298 ΔG298 
TS3-RR 20.2 22.4 
TS3-RS 18.9 21.3 
TS3-SR1 1.3 2.3 
TS3-SR2 0.0 2.7 



















Figure 5.8. Optimized geometries of transition states of cat-1c catalyzed sample 
Michael addition between propanal and nitrostyrene at M062X/6-31G** level. 
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Comparing with cat-1b, the most obvious change is the significantly reduced 
relative energies of two transition states leading to the syn product, namely TS3-SR1 
and TS3-SR2. Their energies are very close to TS3-SS, which leads to the anti 
product (2S, 3S). When enthapies are considered, they are even lower in energy than 
TS3-SS. However, the three transition states feature hydrogen bonding patterns that 
differ greatly. This lack of selectivity and predictability of hydrogen bonding patterns 
in computed transition states for cat-1c is contrasted sharply to cat-1b, for which 
strong preference of the Michael acceptor to H-bond to a conformationally stacked 
carboxyl/imidazole dyad with an exo configuration in transition state was observed. 
Thus it provides strong supporting evidence for our hypothesis that the hydrogen 
bonded carboxyl/imidazole dyad is important for the observed highly directional and 
predictable hydrogen bonding in TS2-SS. 
Therefore, our calculations, that cat-1c promotes no high anti selectivity, readily 
confirm the importance of the β-carboxyl group for the high anti diastereoselectivity 
observed for cat-1b. As noted in the discussion of cat-1b-catalyzed Michael reaction, 
adoption of an endo configuration in TS2-SR would disrupt the hydrogen bonding 
between the imidazole and carboxyl group, and this was cited as one of the plausible 
reasons for the observed preference for TS2-SS. Consequently, removing the 
β-carboxyl group from cat-1b would be expected, according to our explanation, to 
release this constrain on the adoption of the endo configuration and, thus, result in 
smaller relative energies of TS3-SR1 and TS3-SR2 with respect to TS3-SS, as is 
confirmed with our calculations. However, we note that even without the constrain of 
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the carboxyl/imidazole dyad on adoption of the endo configuration, TS3-SS is at least 
as stable as TS3-SR1 or TS3-SR2. This suggests other controlling factors are in 
operation, most probably the steric congestion around the α position of pyrrolidine, 
exerted by the methylene group, which also impedes the adoption of the endo 
configuration but is still present in cat-1c.  
Finally, when activation barrier is calculated, no enhancement in reaction kinetics 
by the carboxyl/imidazole dyad is observed for the nitro-Michael reaction. For the 
two transition states leading to the (2S, 3S) product, namely TS2-SS and TS3-SS, 
activation free energies are 38.6 kJ/mol and 38.7 kJ/mol respectively. We stated in 
chapter 4 that using the carboxyl/imidazole dyad would increase the Brønsted acidity 
of the imidazole. It should be emphasized here that our calculations do not contradict 
this statement. They merely remind us that cat-1b-alike catalysts catalyze the 
nitro-Michael reaction via the hydrogen bonding catalysis, not the Brønsted acid 
catalysis. 
 
5.3.5.6 Substrate Scope 
To further investigate the generality of the anti selectivity of cat-1b, a substrate 
study was carried out for different aldehydes and nitro olefins at the same level of 
theory (MP2/6-311+G**//M06-2X/6-31G**). The calculated results are summarized 
in Table 5.5. In all cases, our designed catalyst cat-1b promotes the SS product with 
high enantio- and diastereo selectivitives.  
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Table 5.5. Calculated relative energies (ΔG298 and ΔH298, kJ/mol) of the 4 transition 
states leading to the 4 stereoisomeric productsa for various Michael additions 
catalyzed by cat-1a and cat-1b.  
 
entry R1 R2 TS-SS TS-RR TS-SR TS-RS 
   G298    
1 Me Ph 0.0 25.2 23.5 20.1 
 2b Me H 0.0 25.4 26.7 25.2 
3 Me Me 0.0 25.9 28.9 27.8 
4 Me iPr 0.0 32.0 32.4 34.7 
5 Bz Ph 0.0 21.5 18.5 10.8 
   H298    
1 Me Ph 0.0 24.2 21.4 19.1 
a For the diastereomer assignment, the first and second letters refer to C2 and C3 of 
the products respectively. b This reaction yields only one pair of enantiomers, e.g. 
both TS-SS and TS-SR lead to S-product. 
 
5.3.5.7 Solvation Effect 
Finally, we examined the effect of solvation on the predicted stereoselectivity. 
The implicit solvation method PCM model was employed to investigate the solvent 
effect in aprotic solvents chloroform and DMSO. No significant change in the 





Table 5.6. Calculated relative free energiesa (ΔG298, kJ/mol) of the 4 lowest-energy 
transition states leading to 4 stereoisomeric products for cat-1b-catalyzed Michael 
addition of propanal to nitrostyrene in chloroform and DMSO solvent 
transition state gas phase chloroform DMSO 
TS2-SS 0.0  0.0  0.0 
TS2-RS 20.1 18.4  18.5 
TS2-SR 23.5 20.8  21.3 
TS2-RR 25.2  25.9  26.3 
a MP2/6-311+G**//M06-2X/6-31G** level. 
 
5.3.5.8 Synthesis of Cat-1b 
Although our designed catalyst cat-1b is predicted to be promising for the 
nitro-Michael addition of aldehydes, we realize that the synthesis of cat-1b, which 
contains a tertiary chiral center at the β position and a quaternary chiral center at the α 
position of the pyrrolidine backbone, is not trivial. However, a literature search 
reveals that many efforts have been devoted to tertiary and quaternary center 
syntheses in recent years15. In particular, the successful syntheses of analogues of 
cat-1b by Huang et al.15l give us confidence that cat-1b can be easily synthesized. 
 
5.4 Conclusion 
In conclusion, we have performed an “in silico” design of an organocatalyst using 
a bio-inspired concept of catalytic carboxyl/imidazole dyad. We have shown that with 
appropriate steric control, our designed β-amino acid catalyst cat-1b will react with 
simple aldehydes to form enamine intermediates with an unusual stacked 
conformation, which lead to highly organized and directional hydrogen bonding of the 
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catalytic dyad in transition states. When applied to the asymmetric nitro-Michael 
additions of aldehydes, cat-1b promotes striking anti diastereoselectivity. In distinct 
contrast to Barbas’s approach9 of using α-oxygenated Z-enamine to promote anti 
selectivity, our designed catalyst makes use of the E-enamine, which will provide a 
wider scope of general application. Remarkable substituent effect, namely the reversal 
of syn/anti selectivity, is predicted for the cat-1a/cat-1b catalyst pair. As stated in 
chapter 4, our proposed catalytic dyad is also applicable to the acid/base catalysis. In 
chapter 6, I will present my work on cat-1b-catalyzed aldol reactions of aldehydes.  
 
(Computed energies and optimized structures of key transition states and enamine 
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 Chapter 6 
Computational Study of the Aldol Reaction Catalyzed by the 















6.1.1 History and Background 
Our designed β amino acid catalyst cat-1b has been shown in chapter 5 as a highly 
effective catalyst to promote the rare anti-selective Michael addition between 









In this chapter, we will try to expand the scope of the catalyst to include the 
Brønsted acid catalyzed organic transformations. Among the many, aldol reaction is 
probably one of the most intensively studied acid-catalyzed reactions so far. Hence we 
choose the aldol reaction to be our model reaction to study. 
Aldol reaction is an important reaction to construct a C-C bond between two 
carbonyl compounds, generating a β-hydroxy carbonyl as the product, from which the 
name aldol was derived. It offers an opportunity to construct up to two adjacent 
stereogenic centers simultaneously. Catalyzed asymmetric intramolecular aldol 
reaction, the Hajos-Parrish-Eder-Wiechert reaction, has been known since the 1970s1.  
 
Scheme 6.1. L-proline catalyzed intramolecular Hajos-Parrish-Eder-Wiechert reaction 
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Interestingly, asymmetric intermolecular aldol reactions catalyzed by an 
organocatalyst were not discovered until very recently in 2001, when List reported 
that L-proline, the same catalyst used in the Hajos-Parrish reaction, can be effective 
for intermolecular aldol reactions between ketones and aromatic aldehydes as well2.  
Intermolecular aldol reactions employing aldehydes as both the donors and acceptors 
were discovered even later. In 2002, MacMillan and Northrup demonstrated that 
stereoselectivie aldehyde-aldehyde aldol process is also possible with the proline 
catalyst3. More importantly, they showed that different combinations of aldehyde 
donors and acceptors were possible if the more reactive aldehyde donor was added via 
a syringe pump. 
 
6.1.2 Organocatalysts for the Aldol Reaction 
Although proline was demonstrated to give acceptable enantioselectivities for 
aldol reactions, 60-96% ee as reported in reference 2, efforts to find more effective 
organocatalysts, or to design them if that is possible, have never stopped. In the early 
period of the last decade, studies of organocatalysts for the asymmetric direct aldol 
reactions were invariably based on prolinamide. Among the many catalysts, the highly 
active catalysts developed by Gong and coworkers featured a chiral side chain with 
two hydrogen bond donors4. Computational evidence5 revealed a possible double 
hydrogen-bonding activation mode.   
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Scheme 6.2. Proposed activation mode of Gong’s catalysts, R=Ph or CO2Et 
Very recently, there has been a growing interest to design catalysts basing on 
structure motifs other than prolinamide, e.g. binaphthyl catalyst by Maruoka6, 
phosphine oxide by Wang and Pan7 and cinchona alkaloids8. They generally 
complement the chemistry of prolinamide catalysts, and sometimes they give opposite 
stereoselectivies to their prolinamide counterparts. 
 
6.1.3 The Model Aldol Reaction 
We realized that our designed catalyst cat-1b might not be able to activate ketones 
because of the di-substitution on the α position. Hence the following reaction was 
chosen as the sample reaction for cat-1b.  
 
 
Scheme 6.3. Model reaction for the computational study of cat-1b catalyzed aldol 
reaction 
 
6.2 Computational Methods 
Our benchmarking of the proline-catalyzed intermolecular aldol reaction between 
acetone and nitrobenzaldehyde showed that B3LYP/6-311+G** single point energy 
with free energy correction at B3LYP/6-31G** level agrees well with the 
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experimentally observed ee of 76% for this reaction2 (See supporting information for 
benchmarking results). Past theoretical studies by other groups also showed that 
B3LYP is an adequate method for studying aldol reactions, and it predicts 
enantioselectivity in good agreement with experimental results9. Hence, all gas-phase 
geometries were optimized at B3LYP/6-31G** level with the Gaussian09 software 
package. Higher level single point energies were performed at B3LYP/6-311+G** 
level. Free energy and enthalpy values were computed using B3LYP/6-311+G** 
single point energy values corrected at B3LYP/6-31G** level.  
 
6.3 Results and Discussion 
6.3.1 The Enamine Mechanism 
Pioneering theoretical studies of the proline-catalyzed intermolecular and 
intramolecular aldol reactions by Houk, Boyd and Domingo10 suggested that an 
enamine mechanism might be in operation. This was confirmed by later studies by 
authors such as Sunoj11. Here we assumed the same enamine mechanism was in 



























Scheme 6.4. Proposed catalytic cycle for cat-1b catalyzed aldol reaction between 
propanal and nitrobenzaldehyde based on an enamine mechanism proposed by Houk.  
 
6.3.2 Enamine Analysis 
The first step of the catalytic cycle of the enamine mechanism proposed in 
Scheme 6.4 for the sample aldol reaction is the condensation of propanal with cat-1b. 
The enamine intermediate is the same as in chapter 5. Analysis of the enamine 
isomers and conformers at B3LYP/6-311+G**// B3LYP/ 6-31G** level is shown in 
Figure 6.1 and Table 6.1, as a comparison to earlier study using 
MP2/6-311+G**//M06-2X/6-31G**.  
From Table 6.1, the trans enamine isomers are much lower in energy than the 
corresponding cis isomers (>9 kJ/mol), but this preference of the trans isomers is 
reduced when comparing to results at MP2/6-311+G**//M06-2X./6-31G** level. 
Furthermore, although B3LYP still predicts that the trans-stacked enamine conformer 
is the lowest in energy, the predicted preference of the trans-stacked conformer over 
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the trans-open conformer is very low, at only 2.7 kJ/mol for free energy. The observed 
difference between B3LYP and MP2 (M06-2X) methods might be a result of the 
different treatment of dispersion energy in these methods12.  
 
Table 6.1, relative enthalpy and free energy values computed at 
B3LYP/6-311+G**//B3LYP/6-31G** level for various enamine conformers. Energy 
values are in units of kJ/mol.  
Conformer ΔΔH ΔΔG Conformer ΔΔH ΔΔG 
trans-stacked 0.0 0.0 cis-stacked 9.8 9.8 
trans-open 4.1 2.7 cis-open 16.3 15.2 
trans-direct 7.7 8.4 cis-direct 24.4 25.2 
 
6.3.3 Stereochemistry of the Sample Aldol Reaction 
The product of the sample aldol reaction between propanal and nitrobenzaldehyde 
contains two stereogenic centers. Hence four diastereomers are possible, namely RR, 
RS, SR and SS (the first letter refers to the stereochemistry of carbon 2 as shown in 
Scheme 6.5). Experimentally, the proline-catalyzed cross-aldol reaction between 
propanal and benzaldehyde at 4 oC in DMF yields the (2S, 3R) product as the major 
product, with an anti:syn ratio of 3:1 and an ee of 99% 3.  
 
 












Figure 6.1. Optimized structures of the six enamine conformers at B3LYP/6-31G** 
level.  
 
6.3.4 Transition State Analysis 
It is generally accepted that the rate-limiting step of intermolecular aldol reactions 
is the C-C bond-formation step between the enamine intermediate and the aldol 
acceptor13. This step also determines the stereochemistry of the reaction. For each of 
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the six enamine conformers identified earlier in the chapter, we made an assumption 
that nitrobenzaldehyde will attack only from the same face as the carboxyl/imidazole 
dyad of the enamine, either with its Re or Si face. Furthermore, we assumed that there 
will be no low-lying transition states derived from the cis-open or trans-open enamine, 
because (1) aldol reaction generally requires proton transfer; (2) the distance between 
the proton donor imidazole NH group and the proton acceptor carbonyl group is too 
large for a 1,2 addition reaction such as the aldol reaction. In total eight transition 
states were identified. Naming of the transition states and their optimized geometries 
were shown in Figure 6.2.  
 
6.3.5 Computed Stereoselectivities 
The lowest-energy transition state of all is TS-SR-B, which leads to the anti aldol 
product, and it is 13.3 kJ/mol lower in free energy than the lowest-energy syn aldol 
transition state, TS-SS-D. For enantioselectivity, the lowest-energy transition state 
leading to the RS product, TS-RS-B is 16.3 kJ/mol higher in free energy than 
TS-SR-B. The predicted enantioselectivity and diastereoselectivity based on these 
numbers would be excellent, which can be attributed to the following factors (1) high 
selectivity among the various enamine intermediates and the strong preference of the 
trans-stacked enamine, as discussed in part 6.3.2. (2) the preference to maintain the 
intramolecular H-bond of the designed carboxyl/imidazole dyad in the C-C 
bond-formation transition states. (3) the steric hindrance exerted by the α-methylene 
group. The second point would be discussed at full length later, but let me illustrate 
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the third point first.  
The two lowest-energy transition states maintaining the designed 
carboxyl/imidazole dyad are TS-SR-B and TS-SS-B. They differ only in the relative 















Scheme 6.6. Steric influence of the α-methylene group on the stereoselectivity 
 
Aligning of nitrobenzaldehyde by imidazole via a hydrogen bond would constrain 
its configuration such that its nitrophenyl groug could be either at the same side of the 
α-methylene group of the pyrrolidine ring, as it is in TS-SS-B, or at the opposite side, 
as in TS-SR-B. Steric congestion between the α-methylene group and the nitrophenyl 
group would disfavor the same-side-configuration transition state TS-SS-B. A 
space-fill model illustrating the suggested steric hindrance by the α-methylene group 













TS-RS-B TS-RS-D  
 
Figure 6.2. Naming of the transition states and their optimized geometries at 
B3LYP/6-31G** level. The two different hydrogen bonding patterns are termed as 
direct and bridged, abbreviated as D and B respectively. Forming C-C bond lengths, 
various H-bond lengths (labeled a, b, c and d for the two types of transition states) and 
their relative free energies and enthalpies were given in Table 6.2. 
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Table 6.2. Measured C-C bond and H-bond distances for all the transition states and 
their relative enthalpies and free energies. All distances are in units of Å and energies 
in units of kJ/mol.  
TS a b c d ΔH ΔG 
TS-RR-D 2.04 1.26 1.16 1.85 43.5 42.5 
TS-RR-B 1.68 1.26 1.23 1.59 20.8 21.6 
TS-RS-D 2.08 1.24 1.17 1.84 41.1 37.4 
TS-RS-B 1.67 1.29 1.20 1.60 18.4 16.3 
TS-SR-D 1.94 1.37 1.08 1.83 7.1 4.5 
TS-SR-B 1.67 1.28 1.21 1.60 0.0 0.0 
TS-SS-D 1.90 1.31 1.12 1.82 14.2 13.3 





Figure 6.3. Space fill model of TS-SS-B illustrating the closeness of the α-methylene 
group of the pyrrolidine ring and the nitrophenyl group of the nitro- benzaldehyde. 
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6.3.6 Mechanism Study 
6.3.6.1 The Role of the Dyad in Transition States 
In the last chapter of studying the nitro-Michael reaction, it was observed that the 
designed carboxyl/imidazole dyad serves as an H-bond donor in transition states. In 
contrast, here for the aldol reaction, proton transfer was observed universally for the 
considered transition states. The N-H distance, labeled c in Table 6.2 and Figure 6.2, 
was chosen as an indicator for the proton transfer from the imidazole to the 
developing alkoxide. For direct transition states, the N-H distance ranges from 
1.08-1.17 Å; for bridge transition states, it falls into the narrow range of 1.20-1.23 Å. 
These large distances, in comparison with values of only 1.01 Å in the enamines, 
indicate clearly that proton transfer was accompanying the C-C bond formation in 
transition states.   
 
6.3.6.2 Proton Transfer Mechanism 
Large differences in structures were observed for the two types of transition states. 
Those direct transition states have long reaction coordinates. The C-C bonds range 
from 1.90-2.08 Å, and resemble the transition states found in the literature where 
proline was used as a catalyst. In comparison, the bridged transition states have much 
shorter C-C bond distances, 1.67-1.69 Å, very close to a normal C-C bond distance of 
1.55 Å. Such unusually short C-C bond distances in transition state compelled us to 
study carefully the reaction profiles to exclude the possibility that these transition 
states might not be the actual transition states of the C-C bond-formation step but of a 
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proton transfer step, and the proper C-C bond-formation transition states exist but are 
simply not found.  
To clear doubts, an intrinsic reaction coordinate (IRC) scan was carried out for 
TS-SR-B, as shown in Figure 6.4.  







Figure 6.4. Intrinsic reaction coordinate study of TS-SR-B. 
 
 The curve revealed an interesting point at around reaction coordinate -2.0, where 
the gradient almost vanished. When the geometry was examined, it contains a long 
C-C bond distance of 1.82 Å, close to the expected value for a normal transition state 
of the aldol reaction reported in the literature. Efforts to find an early transition state 
from this geometry all failed. Combining the facts that at this point the geometry 
resembles a normal C-C bond-formation transition state and that it still retains a 
residue gradient, we concluded that, for TS-SR-B, the C-C bond formation step was 
an asynchronous concerted step14 where the C-C bond formation was coupled with the 
proton transfer. The C-C bond formation was ahead of the proton transfer but the 
transition state resembled a normal proton transfer transition state.  
The difference in the C-C bond lengths between the direct and bridged types of 
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transition states is clearly a result of the different acidity of the proton donors 
presented in the two types of transition states. In the direct type of transition states, it 
is the carboxyl group, and in the bridged transition states the imidazole. The pKa’s of 
a carboxyl group and an imidazole are 3-4 and 14 respectively. Although the acidity 
of the imidazole would be enhanced in the bridged transition states by the H-bond 
with the β-carboxyl group, it is unlikely that the pKa would exceed that of an 
imidazolium, 6.5. The stronger acidity of the β-carboxyl group will facilitate the 
proton transfer to the developing alkoxide in transition states. Hence an early 
transition state with a long C-C bond is expected for the direct type of transition states. 
However, a direct H-bond of the β-carboxyl group to the developing alkoxide requires 
break of the designed carboxyl/imidazole dyad. In addition, in direct type of transition 





Figure 6.5. A space fill model of TS-SR-D showing the impeding of the proton 
transfer from the β-carboxyl group by the α-methylene group in the direct type of 
transition states. Both groups are circled and highlighted.  
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Another plausible explanation is that proton transfer from a β position would be 
steric demanding for the pyrrolidine backbone. It must be bent greatly for the proton 
transfer to occur, as can be seen from Figure 6.2.  
 
6.3.6.3 Concerted or Stepwise Mechanism? 
Apart from the usual interest in the reaction stereoselectivities, it is also important 
to address the mechanistic question: how does the proton transfer occur in a bridged 
type of aldol transition state when there are two protons needing to be transferred? 
Three possible pathways are identified (Scheme 6.7): pathway A is a concerted 
process; pathway B involves forming an intermediate 1 first and pathway C 
intermediate 2.  
On the level of theory we are currently employing, the gas phase geometry of 
intermediate 3 could not be located, but the geometry of intermediate 2 was found 
successfully. On the basis of this finding, we ruled out pathway C and favored 
pathway B. Calculated lowest-energy TS1 for pathway B is TS-SR-B. Geometries of 
intermediate 1, the product, and TS2 on the same reaction profile as TS-SR-B, in 
addition to nitrobenzaldehyde, the trans-stacked enamine and TS-SR-B, were 
optimized successfully, and the transition states were characterized with only 1 
imaginary frequency.  
Mechanistically, it seems that the proton transfer in the bridged mechanism occur 
through pathway B. However, inspecting the reaction profile of pathway B revealed 
something calling for cautions. When correction of either enthalpy or free energy is 
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added, the resulting reaction profile changes into a single-step concerted reaction 
profile. Even on the electronic energy surface, the second proton transfer step has a 
negligible activation energy of <0.1 kJ/mol for the forward reaction and 14.3 kJ/mol 
for the backward reaction. All these suggests for the existence of a low barrier 







Scheme 6.7. Three possible proton transfer pathways for a bridged mechanism 
 
A low barrier hydrogen bond15 is defined as a hydrogen bond whose barrier of 
proton transfer falls below the zero point energy of the system, so that proton can no 
longer be confined by the barrier at all temperatures. Thus quantum mechanical 
description of the proton position as a statistical distribution over space is needed to 
properly describe a low barrier hydrogen bond. Our conclusion of the existence of a 
low barrier hydrogen bond in the cat-1b catalyzed aldol reactions agrees well with 
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literature studies of chymotrypsin catalysis, which also involves a low barrier 
hydrogen bond15c. Furthermore, with the second step barrierless, the reaction 










































Figure 6.6. Reaction profile for the lowest-energy transition state TS-SR-B. Energy 






In conclusion, cat-1b catalyzed aldol reaction between propanal and benzaldehyde 
was studied computationally. Gas phase results predict an excellent 
diastereoselectivity and enantioselectivity. Mechanistically, the bridged type of 
transition states is generally lower in energy than the corresponding direct type of 
transition states. An IRC study of the bridged transition state TS-SR-B reveals that the 
C-C bond formation is strongly coupled to the proton transfer from the imidazole to 
the developing alkoxide, and the transition state resembles a normal proton transfer 
transition state with an unusually short forming C-C bond. The two proton transfers in 
the bridged transition state TS-SR-B are found to occur in an asynchronous concerted 
manner, and the product of the C-C bond-formation step is suggested to contain a low 
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 Chapter 7 
Solvation Study of the Aldol Reaction Catalyzed by the 















In the last chapter, we had examined our designed catalyst cat-1b catalyzed aldol 
reaction. Excellent stereoselectivity and a novel proton shuttling mechanism were 
predicted by our gas-phase calculations.  
However, gas phase optimization of the reaction profile of the sample aldol 
reaction showed a significant degree of charge separation in the transition states and 
intermediates. Large electrostatic stabilization by the solvent in the transition states 
and intermediates was thus expected. Reaction kinetics, possibly reaction mechanism, 
might be changed if the reaction profile was optimized with a polar solvent. 
Experimentally, the environmental benign nature of water and its low cost as a 
solvent are attracting more and more attentions from the chemistry community1. It is 
becoming a sustained interest to carry out organic reactions in aqueous solution. 
Pioneering works in this field showed that several natural occurring amino acids are 
capably of catalyzing the aldol reactions in aqueous solution.  
In this chapter, we have carried out a theoretical investigation of the aldol reaction 
catalyzed by cat-1b, with water as the solvent. We believe this will not only further 
demonstrate the performance of cat-1b theoretically, but also provide more realistic 
thermodynamic and kinetic data to be compared with, if the synthesis of cat-1b and its 





7.2 Computational Methods 
Optimization of equilibrium structures and transition states were carried out with 
the simple solvation model PCM at the level of M06-2X/6-31+G** and with water 
(ε=78.4) as the solvent. The use of diffuse functions in optimization is appropriate 
here, since solvent-stabilized anions are anticipated. However, the choosing 
6-31+G** basis set for solvation calculations means that a quantitative comparison to 
the gas phase calculations of chapter 6, with 6-31G** basis set, would be meaningless. 
Only qualitative comparisons are justifiable. In addition, literature benchmarking to 
thermokenetic databases with various DFT methods showed that M06-2X 
outperforms most conventional DFT methods such as B3LYP2. Hence M06-2X 
functional was chosen instead of B3LYP functional to study the thermokenetic 
profiles of cat-1b catalyzed aldol reactions in water.  
DFT method PBE1PBE/6-31G (d) optimized atomic radii were used for the united 
atom topological model (UAKS), as implemented in Gaussian09. Single point energy 
calculations were performed at MP2/6-311+G** level on the M06-2X (PCM) 
optimized geometries. Settings for PCM model are the same as the M06-2X 
optimization of geometries. Free energy and enthalpy corrections were taken from the 
M06-2X/6-31+G** level calculations without scaling. All calculations were 





7.3 Results and Discussion  
7.3.1 Enamine Intermediates 
The selective population of the trans-stacked enamine intermediate was 
considered by us as one of the characteristic features of our designed cat-1b. 
Induction of this conformation was crucial for (1) the predicted anti 
diastereoselectivity of the nitro-Michael additions of aldehydes studied in chapter 5 
and syn diastereoselectivity of the aldol reactions of aldehydes studied in chapter 6; (2) 
the novel proton-shuttling mechanism revealed in chapter 6. As the preference of the 
trans-stacked enamine is a recurring theme in our studies, it is of great relevance and 
importance to examine the conformational preferences of the enamine intermediates 
of cat-1b with a solvent.    
 
  
Figure 7.1. Top (left) and side (right) views of the trans-stacked enamine intermediate 
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Table 7.1. Relative free energies of the six possible enamine conformations, 
calculated at MP2/6-311+G** level with free energy and enthalpy corrections from 
M06-2X/6-31+G** level. The N-C and C=C bond distances of the enamine moiety 
were also given. All calculations were performed with PCM model.  
 







































Results of PCM calculations are summarized in Table 7.1. Again, our calculations 
confirmed that the trans-stacked enamine conformer is the preferred conformation. 
Large energy differences were observed between the trans and cis enamine isomers, > 
10 kJ/mol. As a whole, the selectivity among various enamine conformers is not 
affected by the solvation to any significant degree, even when a strongly polar solvent 
such as water was used as the solvent in calculations.  
 
7.3.2 The Model Reaction Study 
To study cat-1b catalyzed aldol reaction in aqueous solution, we started with the 
proposal of a simple model reaction (Scheme 7.1).  
 
 
























































102.2 (95.2)  
Scheme 7.2. Calculated activation free energy barriers for various types of transition 
states. Numbers in parentheses are activation enthalpies. 
 
The aldol product of Scheme 7.1 contains only one stereogenic center. Hence one 
pair of enantiomers are obtained; Considering only transition states in which 
formaldehyde attacks the enamine from the same face as the carboxyl/imidazole dyad, 
e.g. Re face for the trans enamines in Scheme 7.2, five transition states were obtained, 
two leading to the S product and three the R product. It should be noted that the trans 
enamines always lead to the S product and the cis enamine lead to the R product. 
Activation free energies of the five transition states are shown in Scheme 7.2.   
The free energy barrier for TS-S1 is the lowest at 35.5 kJ/mol, while the 
lowest-energy transition state leading to the R product, namely TS-R1, is 18.6 kJ/mol 
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higher in energy than TS-S1. Thus our solvation model calculations predict an 




   






Figure 7.2. PCM model optimized geometries of TS-S1 (top) and TS-R1 (bottom) at 
M06-2X/6-31+G** level. Water is used as a solvent and units are in Å.  
 
It is confirmed by our solvation calculations that the designed carboxyl/imidazole 
dyad is preserved in the lowest-energy transition states leading to both enantiomeric 
products, as shown in Figure 7.2. We also note that TS-S2, whose β-carboxyl group is 
directly hydrogen bonded to the carbonyl oxygen, is 21 kJ/mol higher in energy than 
TS-S1. Thus there is a remarkably large preference for the C=O…Imidazole…
Carboxyl hydrogen bonding pattern. In the gas phase calculations of chapter 6, this 
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preference is relative small at only 4.5 kJ/mol. One possible explanation is that 
solvation of the developing alkoxide by the highly polar solvent water molecules in 
transition state decreases its sensitivity to the H-bond donor’s acidity. As a 
consequence, TS-S2 gains less H-bond stabilization relative to TS-S1 than it does in 
the gas phase calculations. 
     
7.3.3 Kinetics and Thermodynamics  
To demonstrate the effect of solvation on the kinetics and thermodynamics of 
cat-1b catalyzed aldol reaction, we investigated a series of reaction profiles with 
different aldehyde acceptors. Results are summarized in Table 7.2. For R1=H, 
optimized geometries of various intermediates and transition structures are presented 
in Figure 7.3. 
In chapter 6, gas phase study of the aldol reaction profile with B3LYP functional 
predicts an remarkably large activation free energy of 112.3 kJ/mol (with respect to 
pre-transition-state complex) for cat-1b catalyzed aldol reaction between propanal and 
nitrobenzaldehyde. From Table 7.2, MP2/6-311+G**// M06-2X/6-31+G** level of 
theory with PCM model and water as the solvent predicts a much lower activation 
free energy of only 43.6 kJ/mol (R1=NO2Ph). Thermodynamically, MP2/M06-2X 
PCM calculations indicate that in the presence of water formation of intermediate 2, 
which is a zwitterion species, is near thermal neutral relative to enamine + aldehyde 
(ΔG -7.7-9.4 kJ/mol, Table 7.2), while gas phase calculations show that its formation 
is highly unfavorable (95.0 kJ/mol for R1=NO2Ph). These calculations show that polar 
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solvents such as water can accelerate the reaction rates and drive the reaction 
equilibrium to the product side for aldol reaction catalyzed by cat-1b.   
Despite the large changes observed for the reaction kinetics and thermodynamics, 
it should be pointed out that MP2/M06-2X PCM calculations still predict the same 
proton transfer mechanism as the B3LYP gas phase calculations, an asynchronous 
concerted double-proton transfer mechanism. In both studies, the second proton 
transfer is predicted to be barrierless. A zwitterionic intermediate INT1, proposed for 
a stepwise proton transfer mechanism as depicted in Figure 7.3, is only stable on the 
electronic energy surface, but not on the enthalpy or free energy surface. This 
indicates that the formation of a low-barrier hydrogen bond in intermediate 2 is not 
affected by solvation.  
 
Table 7.2. Reaction profiles for various aldehyde acceptors (MP2/6-311+G**// 











Aldehyde PTS Intermediate1 TS2 Intermediate2
H 0.0 17.7 53.2 -0.7 -4.1
TS1
-7.7
Me 0.0 10.7 72.4 14.9 11.2 6.8
Ph 0.0 3.9 58.6 16.8 12.5 9.4






0.0 (0.0) PTS 17.7 (-23.9)
INT1 -0.7 (-57.4) TS1 53.2 (-2.8)



















Figure 7.3. Reaction profile of the model aldol reaction in the presence of water. 
Energy values are given as relative free energies (relative enthalpies) in kJ/mol. Bond 















In conclusion, MP2//M06-2X PCM solvation model study of the aldol reactions of 
aldehydes catalyzed by cat-1b in the present of water show that (1) the enamine 
conformation selectivity and proton transfer mechanism are not affected by solvation 
(2) there is a greater preference to preserve the carboxyl/imidazole dyad in transition 
states and (3) lower reaction barrier, favorable reaction thermodynamics and excellent 
enantioselectivity are predicted. 
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This thesis covers my computational studies of aminocatalysis. In the first part of 
chapter 3, the newly developed SOMO activation of aminocatalysis is explored, 
reaction mechanism elucidated and reaction stereoselectivity compared to 
experimental data. In the remaining chapters, I have reported my attempt to 
computationally design novel organocatalysts basing on the catalytic 
carboxyl/imidazole dyad inspired by enzyme serine proteases. The designed 
organocatalysts were tested on the nitro-Michael additions and aldol reactions of 
aldehydes. In both cases, one of the designed catalysts, cat-1b, was shown to give 
excellent stereoselectivities. For the nitro-Michael additions of aldehydes, cat-1b was 
predicted to promote the unusual anti-diastereoselectivity. Solvent effect and 
mechanism were also examined.  
Theoretical and computational study is a complementary tool to the direct study of 
catalysis by experiments. All theoretical and computational results ultimately must 
agree with experimental observations and computational predictions must be checked 
by experiments. However, due to practical reasons it is not always easy, or even 
possible, to gain every details of a catalytic reaction experimentally. Some, e.g. 
enantiomeric excess and diastereoselectivity, are relatively straight forward to obtain. 
Some others are not. These would include the structures of reactive intermediates and 
transition states, which are shorted-lived and hard or impossible to isolate or observe, 
but are critical to the understanding of reaction mechanisms. In the area of 
aminocatalysis, particularly for the Michael reaction and aldol reaction, many new 
catalysts are being developed experimentally every year, but the corresponding 
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understanding of the mechanism is still lacking. Thus there is a need for fast and 
reliable computational studies of reaction mechanisms of newly developed catalysts. 
When thorough understanding of the reaction mechanism is gained, either 
computational or experimental approaches can be adopted to develop new catalysts or 
refine existing ones. 
In the past few years, I have been doing computational studies on experimentally 
verified organocatalytic reactions utilizing aminocatalysis, especially the catalytic 
Michael reactions. My computational results have been extensively compared to 
experimental data and rather satisfactory results were obtained. As there are still some 
unsolved issues in aminocatalysis, I intend to explore further.   
In the mean while, it interests me to carry out experimental syntheses of my 
computationally designed catalysts. Collaboration between computational modeling 
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Table 3.S1. B3LYP/6-311+G** calculated electronic energies for vertical ionization. 
 
B3LYP/6-311+G** Electronic Energies 







Catalyst -769.8033357 -769.5064420 0.2968937  8.1 
Enamine -886.5394063 -886.2758884 0.2635179  7.2 
Propanal -193.2058835 -192.8401943 0.3656892  9.9 
Silyl Radical -409.2361598 -408.9701542 0.2660056  7.2 
 
 
Table 3.S2. M06-2X/6-311+G** calculated electronic energies for vertical ionization. 
 
M06-2X/6-311+G** Electronic Energies 







Catalyst -769.468702 -769.151789 0.316913 8.6 
Enamine -886.1555692 -885.8819521 0.2736171 7.4 
Propanal -193.1070431 -192.7353949 0.3716482 10.1 
Silyl Radical -409.1104591 -408.8432325 0.2672266 7.3 
 
 







X Y Z 
1 N 0.376486 -0.51613400 -0.16240000 0.72530400 
2 C -0.035108 0.26259400 -1.05672800 1.32228900 
3 H -0.000807 -0.21593600 -2.00202400 1.56390600 
4 C -0.023256 -1.98249800 -0.40665700 0.56082300 
5 H 0.012479 -2.32777600 -0.90456000 1.47946000 
6 C -0.023864 -0.15438900 1.23096900 0.44832500 
7 H 0.016145 0.41842400 1.62190800 1.29604400 
8 C 0.016982 -2.35437600 -1.31673200 -0.64764200 
9 C 0.001814 -3.86865300 -1.57890700 -0.58441900 
10 H 0.000514 -4.12639700 -2.35169900 -1.31388000 
11 H -0.000119 -4.45387900 -0.69188900 -0.83271600 
12 H -0.000074 -4.17984300 -1.94025200 0.40243200 
13 C -0.002074 -1.63542200 -2.66731100 -0.53482200 
14 H 0.000516 -0.55048500 -2.57403500 -0.65375500 
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15 H 0.000261 -1.98776500 -3.32489800 -1.33421600 
16 H 0.000207 -1.85233000 -3.17146300 0.41530400 
17 C 0.000826 -2.00093000 -0.66020200 -1.98182800 
18 H -0.000250 -2.43084600 -1.24402800 -2.80087800 
19 H 0.000412 -0.91835800 -0.63311600 -2.14118900 
20 H 0.000037 -2.39764100 0.35795300 -2.05469900 
21 N 0.002212 -2.48203500 0.95028200 0.50653000 
22 C -0.000269 -3.87697900 1.32957500 0.68614900 
23 H 0.000160 -4.40327900 1.40433200 -0.26839900 
24 H 0.000119 -3.89013900 2.30925700 1.16673000 
25 H 0.000109 -4.37700000 0.59736000 1.32384700 
26 C 0.003920 -1.51973300 1.91257900 0.42004100 
27 O 0.004191 -1.68710900 3.10398800 0.33723500 
28 C 0.607677 1.60065500 -0.87398000 1.66611500 
29 H -0.030421 2.07914300 0.08549300 1.49815400 
30 C -0.048445 2.41516900 -1.95485700 2.26582000 
31 H 0.000594 1.85721600 -2.88260300 2.40536300 
32 H 0.028594 2.82405800 -1.62950700 3.22989100 
33 H 0.032823 3.28046200 -2.14659200 1.61745800 
34 C 0.021539 0.62147500 1.50785200 -0.86138000 
35 H 0.002312 0.65801800 2.60092000 -0.92464100 
36 H -0.000663 0.03464900 1.15504400 -1.71208800 
37 C 0.013241 2.00226100 0.91407200 -0.85256300 
38 C 0.005168 4.53077100 -0.26995000 -0.61850100 
39 C 0.008935 2.22620200 -0.38378100 -1.32542100 
40 C 0.000829 3.06490200 1.61951400 -0.27761400 
41 C 0.006460 4.32035900 1.03029900 -0.15645500 
42 C 0.001943 3.48532700 -0.97225000 -1.21384800 
43 H -0.001157 1.41350800 -0.93273300 -1.79757900 
44 H -0.000228 2.90659400 2.63665000 0.07386800 
45 H -0.000331 5.13918500 1.58931100 0.28480900 
46 H -0.000141 3.65103600 -1.97331100 -1.59978300 
47 H -0.000296 5.51302500 -0.72363100 -0.53457200 
 




Table 3.S5. Calculated energies of substituted radical cation and enamine structures. 
 
 











Rad_Cat 0.231652 0.180254 -497.6578597 -497.4262077 -497.4776057 
Silane 0.103582 0.067341 -408.5447874 -408.4412054 -408.4774464 
TS_A 0.337189 0.270260 -906.2116984 -905.8745094 -905.9414384 
PRD_A 0.341360 0.280465 -906.2286391 -905.8872791 -905.9481741 
TS_B 0.337357 0.271523 -906.1930102 -905.8556532 -905.9214872 
PRD_B 0.339475 0.273547 -906.2006317 -905.8611567 -905.9270847 
TS_C 0.336489 0.269868 -906.1987873 -905.8622983 -905.9289193 
PRD_C 0.338334 0.271385 -906.2186932 -905.8803592 -905.9473082 
 






X Y Z 
1 N -0.32202 1.008955 0.350939 0.372662 
2 C -0.16379 1.434350 -0.095632 -0.975381 
3 H 0.30247 0.546034 -0.180091 -1.605985 
4 C 0.14190 1.585130 -0.525172 1.446024 
5 H 0.26873 0.763390 -0.780633 2.124605 
6 C 0.71356 1.997225 -1.491136 -0.692938 
7 O -0.55585 2.390429 -2.254267 -1.532200 
8 N -0.70732 1.990055 -1.665049 0.665625 
9 H 0.46998 2.413161 -2.484109 1.084941 
10 C -0.72054 2.716522 0.167268 2.190181 
 169 
11 H 0.27808 3.131212 -0.520895 2.931470 
12 H 0.25756 2.352940 1.052737 2.719347 
13 H 0.25877 3.512582 0.454923 1.499347 
14 C -0.70290 2.503193 0.795197 -1.601813 
15 H 0.25343 3.380027 0.873078 -0.953919 
16 H 0.25318 2.124827 1.798422 -1.810820 
17 H 0.29327 2.812163 0.329436 -2.540519 
18 C 0.28299 0.183938 1.297602 0.636671 
19 H 0.25752 -0.038023 1.453901 1.696032 
20 C -0.33092 -0.561081 2.108235 -0.351098 
21 H 0.27517 -0.093836 2.035232 -1.336532 
22 C -0.69515 -0.646373 3.570753 0.098613 
23 H 0.25985 0.339524 4.039105 0.150543 
24 H 0.24925 -1.124496 3.651759 1.080098 
25 H 0.27272 -1.251902 4.132484 -0.616135 
26 C -0.51301 -1.996759 1.460702 -0.447442 
27 H 0.28707 -2.551735 2.108789 -1.134285 
28 H 0.25438 -2.477958 1.553241 0.536650 
29 C -0.17704 -1.987697 0.043376 -0.908975 
30 H 0.23745 -2.117041 -0.161749 -1.967193 
31 C -0.96184 -2.059532 -1.085060 0.051098 
32 H 0.28043 -1.534348 -1.977663 -0.310409 
33 H 0.23515 -1.644521 -0.818990 1.034506 
34 Si 0.94198 -3.900476 -1.559218 0.326390 
35 H -0.16846 -4.599285 -0.345647 0.810592 
36 H -0.15316 -4.464641 -1.985165 -0.971418 
37 H -0.15289 -4.001419 -2.642999 1.329591 
 

















TS_Re_Si_60 0.636617 0.534170 -1412.4103795 -1411.7737625 -1411.8762095 
TS_Re_Si_180 0.636963 0.535613 -1412.4112787 -1411.7743157 -1411.8756657 
TS_Re_Si_300 0.636846 0.536390 -1412.4125283 -1411.7756823 -1411.8761383 
TS_Re_Re_60 0.636880 0.535716 -1412.4087629 -1411.7718829 -1411.8730469 
TS_Re_Re_180 0.636902 0.536426 -1412.4125725 -1411.7756705 -1411.8761465 
TS_Re_Re_300 0.636840 0.537476 -1412.4149076 -1411.7780676 -1411.8774316 
TS_Si_Re_180 0.636422 0.536718 -1412.4111067 -1411.7746847 -1411.8743887 





Table 3.S9. Benchmarking of theoretical methods. The following model system is 
used in calculations. Single point calculations are performed on M06-2X/6-31G* 




SP at 6-311+G** 
M062X/6-31G* Geometry 
MP2 PUMP2 ROMP2 M062X 
Reactant SUM 0 0 0 0 
PTS_Comp -36.6 -36.2 -36.6  -33.9 
TS -14.0 -22.9 -35.1  -18.5 
     
CRD -496.4214004 -496.432254 -496.4288937 -497.6578603 
Silane -407.7494979 -407.7494979 -407.7494979 -408.5447875 
Reactant SUM -904.1708983 -904.1817519 -904.1783916 -906.2026478 
PTS_Comp -904.1848441 -904.1955322 -904.1923479 -906.2155541 




SP at 6-31G* 
M062X/6-31G* Geometry 
B3LYP B97D M062X MP2 PMP2 ROMP2 
Reactant SUM 0.0  0.0 0.0 0.0 0.0  0.0 
PTS_Comp -17.1  -48.9 -37.1 -32.8 -32.5  -33.0 
TS -4.6  -44.0 -22.9 -5.3 -14.3  -25.4 
Intrinsic Barrier 12.6  4.9 14.2 27.5 18.3  7.6 
       
Rad_Cat -497.75086 -497.4129748 -497.5178245 -496.1053939 -496.1160728 -496.112415 
Silane -408.5996606 -408.482436 -408.4797181 -407.6046832 -407.6046832 -407.6046832 
Reactant SUM -906.3505206 -905.8954108 -905.9975426 -903.7100771 -903.720756 -903.7170982 
PTS_Comp -906.3570481 -905.9140541 -906.0116616 -903.7225726 -903.7331366 -903.7296607 
TS -906.3522569 -905.9121782 -906.0062521 -903.7120985 -903.7261845 -903.7267651 
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Table 5.S1: Cartesian coordinates, total energies (E, Hartrees) and number of 
imaginary frequencies (in parenthesis) of the M06-2X/6-31G** 
optimized geometries of enamine intermediates of cat-1a and cat-1b. 
 
Table 5.S2: Cartesian coordinates, total energies (E, Hartrees) and number of 
imaginary frequencies (in parenthesis) of the M06-2X/6-31G** 





























Table 5.S1. Cartesian coordinates, total energies (E, Hartrees) and number of imaginary 
frequencies (in parenthesis) of the M06-2X/6-31G** optimized geometries of enamine 
intermediates of cat-1a and cat-1b. 
trans-stacked-cat-1a E = -781.914379   (0)  trans-open-cat-1a E = -781.917393   (0) 
C  0.0342756096 -1.3493406146 -0.8393684954  C 1.6560328658 0.3330497696 -0.2476558923 
H  0.3174015867 -2.1365515405 -1.5478044369  H 1.2642212021 -0.2911314283 -1.0726665751 
C  -0.5945424271 -1.1382474043 1.5232942241  C 2.6633166030 1.3330061135 -0.8638189569 
H  -0.6314555656 -1.7932809455 2.3952359295  H 3.2725817887 0.8351562205 -1.6231230624 
C  0.8167136743 -0.5546050718 1.3045504418  C 1.7246740431 2.3957994102 -1.4405203154 
H  1.5545007843 -0.9407518560 2.0173354518  H 1.3165214425 2.0409921914 -2.3915525675 
N  1.1924253439 -0.9704447878 -0.0408416903  H 2.2344383521 3.3453843091 -1.6027636734 
C  2.3283810561 -0.4807422039 -0.6475337878  C 0.6101667497 2.5064736627 -0.3933477867 
H  2.4867291915 -0.8692688462 -1.6550803769  H -0.3709993569 2.6672923310 -0.8583147557 
C  3.2338505525 0.3571388492 -0.1116406572  N 0.6294544666 1.2131390080 0.2934941653 
H  3.0823860902 0.7327348065 0.8978052900  C -0.5516738981 0.6921025485 0.7926867722 
H  -1.3175402861 -0.3378528157 1.6834542037  H -0.5255952830 -0.3797989543 0.9870234680 
C  -0.9022413729 -1.9396774988 0.2401576386  C -1.6758345405 1.3676811319 1.0663424526 
H  -0.5787001592 -2.9716017640 0.3864050918  H -1.7111269786 2.4422027805 0.9085661315 
C  -2.3717226753 -2.0635891668 -0.1678681619  C 3.5868039890 1.9705256013 0.1835209958 
O  -2.8262861504 -3.1350983966 -0.4846469732  O 3.3735311058 3.0643441317 0.6464782765 
O  -3.1311420000 -0.9690983243 -0.1773550690  O 4.6466545817 1.2562466954 0.5543678057 
H  -2.6628655420 -0.1103564925 -0.0030437423  H 4.6863326508 0.3701785905 0.1043381296 
C  -0.5210510270 -0.1643396945 -1.6674598537  C 2.2229703657 -0.6151093931 0.8219880611 
H  -1.4829668260 -0.4260202991 -2.1169478277  H 2.7095593572 -0.0319341069 1.6098057315 
H  0.1780447709 0.0364452262 -2.4860791138  H 1.4035894779 -1.1672420656 1.2916708978 
C  -0.6788416558 1.0744425028 -0.8484349168  C 3.1902358873 -1.5926123962 0.2330558623 
N  -1.7236943542 1.3661480048 -0.1000744592  N 4.3550371222 -1.2870399895 -0.3027457326 
N  0.2954948624 2.0039817494 -0.6891599331  N 2.9683747721 -2.9280005709 0.1365553100 
H  1.2439610734 1.9034469697 -1.0313090057  H 2.1514984965 -3.4117361301 0.4758681130 
C  -0.1482012923 2.9280707308 0.2273911120  C 4.0545952886 -3.5004598082 -0.4860296057 
H  0.4448761109 3.7777045937 0.5234354018  H 4.1210911751 -4.5592007656 -0.6740785582 
C  -1.4059276157 2.5193996588 0.5752842912  C 4.9032654878 -2.4641320309 -0.7496629202 
H  -2.1005085171 2.9886301334 1.2548720436  H 5.8698285475 -2.4938114428 -1.2281071012 
C  4.5104070923 0.7332372981 -0.8075338147  C -2.9030617535 0.7124941436 1.6276349447 
H  4.6363279443 1.8193107704 -0.8732291293  H -2.7493848925 -0.3628764490 1.7589902224 
H  5.3877775953 0.3457241761 -0.2781559426  H -3.1753747838 1.1303013362 2.6032336574 
H  4.5361898493 0.3311128867 -1.8244758022  H -3.7710021179 0.8450958617 0.9721679496 
H  0.8068722288 0.5424649562 1.4056769799  H 0.8053448055 3.3177959540 0.3136029266 
 
trans-direct-cat-1a  E = -781.913663   (0)  cis-stacked-cat-1a E = -781.915560   (0) 
C  0.3074949796 -0.0972746510 0.3775051514  C 0.0753867189 -1.2120698632 -0.5795610170 
H  0.2868474988 -0.6439295220 1.3343766643  H 0.4544409049 -2.0639097289 -1.1607108863 
C  -0.1493674662 1.3534805696 0.6298553288  C -1.0396874438 -0.8691211767 1.5679431876 
H  -1.0373244556 1.4006954060 1.2596718612  H -1.5544608904 -1.3704623865 2.3896337772 
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C  1.0945214822 1.9983318403 1.2902958392  C 0.4713108225 -0.7877161208 1.7942970995 
H  0.9613018185 2.0427389508 2.3721517176  H 0.8270312849 -1.6344900086 2.3982601102 
H  1.2546181068 3.0188898156 0.9364727314  N 1.0302801986 -0.8346413921 0.4477719801 
C  2.2707901930 1.0682161793 0.9240486544  C 2.3520866759 -0.5675440451 0.2002936666 
H  2.6324626850 0.5221962972 1.8080966394  H 2.8980322147 -0.2555785683 1.0912703802 
N  1.7047207004 0.1323316379 -0.0511007889  C 3.0096135785 -0.6331861151 -0.9728083999 
C  2.4861758656 -0.9879286550 -0.3933423144  H 2.4984674386 -0.9878823592 -1.8641985260 
H  1.9694027425 -1.7096587489 -1.0208488551  H -1.4621901027 0.1310350136 1.4591295676 
C  3.7672525747 -1.1830589683 -0.0725986132  C -1.1468808104 -1.6694360732 0.2604232314 
H  4.2919644802 -0.4578418846 0.5440536910  H -0.9899776890 -2.7266685875 0.4883464116 
C  -0.4933773978 2.0305258574 -0.6922746296  C -2.5012927213 -1.6387765198 -0.4502209486 
O  -1.5759082526 2.5198580440 -0.9241666560  O -3.0120267296 -2.6628279483 -0.8314061554 
O  0.4785920772 2.0386211828 -1.6061043152  O -3.1057164222 -0.4653934285 -0.6312059637 
H  1.1881617497 1.4192760291 -1.3086184327  H -2.5810326134 0.3448629584 -0.3981131178 
C  -0.5428229946 -0.8694155873 -0.6355390686  C -0.1870565453 -0.0567134089 -1.5821962375 
H  -0.5006293043 -0.3737415630 -1.6130915870  H -1.0797566658 -0.2711421716 -2.1748690225 
H  -0.1547485178 -1.8829476247 -0.7540356786  H 0.6523196229 0.0160506279 -2.2770067826 
C  -1.9560832102 -1.0281950188 -0.1619126888  C -0.3526528708 1.2516951486 -0.8885356047 
N  -2.4285978198 -2.1162930190 0.4044146990  N -1.4773464751 1.7242066616 -0.3900990831 
N  -2.9031338029 -0.0484424285 -0.2290851616  N 0.6845059058 2.0686915708 -0.5868150183 
H  -2.7674557299 0.8915364199 -0.5894321083  H 1.6519868168 1.8470536244 -0.7878382490 
C  -4.0498632028 -0.5539352233 0.3307827150  C 0.1939825470 3.1215347183 0.1498080332 
H  -4.9579225084 0.0232375971 0.3959583252  H 0.8218101067 3.9226568636 0.5035442181 
C  -3.7349192063 -1.8300344738 0.7128676499  C -1.1492463995 2.8914952425 0.2582835682 
H  -4.3756643624 -2.5588155521 1.1867213620  H -1.8955897930 3.4960894839 0.7500911775 
C  4.5549133602 -2.3674799827 -0.5476919953  C 4.4764997734 -0.3340334805 -1.0961515152 
H  3.9335511447 -3.0422358946 -1.1418744913  H 4.8896260551 -0.0008127370 -0.1395006988 
H  5.4042691569 -2.0591334053 -1.1660952988  H 5.0427999002 -1.2179666428 -1.4094013946 
H  4.9613730910 -2.9356414886 0.2949957611  H 4.6790135227 0.4481323527 -1.8362111893 
H  3.1215810847 1.5952165342 0.4832452225  H 0.7630725541 0.1386302365 2.3028085614 
 
cis-open-cat-1a E = -781.914864   (0)  cis-direct-cat-1a E = -781.911513   (0) 
C  -0.2771831110 0.1515136288 0.3271290549  C -0.4905543986 -0.0459312372  0.2995082654 
H  0.0224824572 0.7949953478 1.1738135319  H -0.5051425790 0.5430001409  1.2326741545 
C  -0.3504126741 -1.3057015233 0.8541858562  C 0.0025616981 -1.4735386519  0.6264148882 
H  0.4263807027 -1.4611393977 1.6082934482  H 0.8607399061 -1.4660329233  1.2979676239 
C  -1.7690532428 -1.3621370357 1.4296567535  C -1.2436574737 -2.1582292171  1.2389085411 
H  -1.7887089538 -0.8630451181 2.4034001486  H -1.1586779685 -2.1955951899  2.3257509910 
H  -2.1268334023 -2.3861855286 1.5389937587  H -1.3527902630 -3.1843324233  0.8815633174 
C  -2.5851964253 -0.5641603556 0.4103779869  C -2.4295600379 -1.2680371172  0.8171333465 
H  -3.4668646687 -0.0963464682 0.8566548569  H -2.8231012882 -0.7117666085  1.6787270623 
N  -1.6423664328 0.4630625545 -0.0648143193  N -1.8563874383 -0.3255533925  -0.1681386060 
C  -2.0409782846 1.7884773233 -0.1015881278  C -2.7234256444 0.7620895718  -0.4469783801 
C  -1.2858136346 2.8862024512 0.0634928992  C -2.5103482271 2.0500932505  -0.1758555368 
 174 
H  -0.2256788672 2.7971004967 0.2901778369  H -1.5913544523 2.3607548168  0.3166944350 
C  -0.1798917058 -2.3690748340 -0.2388257262  C 0.4346819021 -2.1761305370  -0.6550990243 
O  -1.1195846586 -2.9499242940 -0.7267539329  O 1.5451237024 -2.6255886752  -0.8251875305 
O  1.0667259432 -2.6316854353 -0.6189799103  O -0.4986394015 -2.2560825773  -1.6069012059 
H  1.7386489109 -2.0472960356 -0.1738850350  H -1.2373970546 -1.6454152725  -1.3689611129 
C  0.7048819688 0.4078829737 -0.8306842339  C 0.3843343510 0.6819026940  -0.7300352501 
H  0.5611787373 -0.3412838347 -1.6148708310  H 0.4374348572 0.0942437693  -1.6531071892 
H  0.4769272155 1.3829340531 -1.2697395317  H -0.0534600910 1.6457557007  -0.9884824657 
C  2.1182672698 0.3852037599 -0.3481340302  C 1.7487347935 0.9510704913  -0.1765159930 
N  2.7243670605 -0.6582477319 0.1830327676  N 2.1104062925 2.0762541241  0.3993601065 
N  2.9424072431 1.4628264152 -0.3326508219  N 2.7552713964 0.0310177654  -0.1520873947 
H  2.7112990017 2.3786509260 -0.6858491398  H 2.6958258216 -0.9231336081  -0.4945660017 
C  4.1405329695 1.0793113952 0.2274818546  C 3.8256225653 0.6163037433  0.4778027280 
H  4.9678469177 1.7593968710 0.3446479289  H 4.7605400149 0.0990690096  0.6201464438 
C  3.9835740596 -0.2403743316 0.5396560805  C 3.4063055779 1.8770467130  0.8070890058 
H  4.6963034330 -0.9109830287 0.9940078995  H 3.9659721932 2.6527178026  1.3085460280 
H  -3.1014128581 1.9102722367 -0.3185059649  H -3.6551906037 0.4493795185  -0.9174373779 
C  -1.8442027452 4.2755594881 -0.0415772808  C -3.4852793478 3.1314944961  -0.5336605721 
H  -2.9199642016 4.2492858799 -0.2365601437  H -4.3850174216 2.7166102023  -0.9949871362 
H  -1.6880032305 4.8444951442 0.8815755315  H -3.7849040663 3.6964554184  0.3544321775 
H  -1.3772338541 4.8479669877 -0.8513261709  H -3.0435828696 3.8473220962  -1.2340711601 
H  -2.8971952893 -1.2122061003 -0.4126594640  H -3.2563686153 -1.8225710634  0.3645002127 
 
trans-stacked-cat-1b E = -821.218525   (0)  trans-open-cat-1b E = -821.213861   (0) 
C  -1.1423100930  0.5164428594  -0.3307699606  C -0.1079589535 0.3956949063  -0.2131180120 
C  -1.1483708170  -0.4999483288  -1.5049281792  C -0.3597342531 -0.4715301194  -1.4812413375 
H  -1.6675380373  0.0040038558  -2.3236098562  H -1.4062457828 -0.7877900804  -1.5213079033 
C  1.0505262634  0.5547701349  -1.3839246532  C 0.0300884146 0.4843386287  -2.6143033633 
H  1.8859903110  0.2750116116  -0.7230002945  H -0.8067995834 1.1442268387  -2.8551807186 
H  1.4676635624  1.1728937916  -2.1875852376  H 0.3122035883 -0.0622898180  -3.5135431637 
N  0.0352952082  1.3219966099  -0.6722590964  C 1.2093572624 1.2815222785  -2.0390494484 
C  0.4007608478  2.3991567361  0.1056149625  H 2.1683030106 0.9055263919  -2.4079120625 
H  -0.4346124446  2.8795250362  0.6157818452  H 1.1345526521 2.3504381492  -2.2850185652 
C  1.6365397850  2.9127862906  0.2473743110  N 1.1258358511 1.0886524197  -0.5921612232 
H  2.4723270680  2.4539687997  -0.2754332725  C 1.7086217684 2.0296065882  0.2380362254 
C  1.9124544680  4.1673940341  1.0257633911  H 1.4270729808 1.9477619526  1.2870587535 
H  2.2590121862  4.9780961959  0.3753740367  C 2.5912323400 2.9751828698  -0.1136334895 
H  2.6895232455  4.0174540094  1.7830748218  H 2.9098888783 3.0606772029  -1.1486090211 
H  1.0111982996  4.5188468606  1.5365750849  C 3.2115510493 3.9161232263  0.8766771219 
C  -2.0067306828  -1.7354008995  -1.2319784017  H 3.0116510276 4.9630614612  0.6226096315 
O  -3.1520047497  -1.7685834123  -1.6150612460  H 4.3005521951 3.8020883184  0.9185471232 
O  -1.4851862812  -2.7498607219  -0.5469713814  H 2.8221740160 3.7398394947  1.8839969713 
H  -0.6100716438  -2.5701092775  -0.1102765906  C 0.5470536310 -1.7096102226  -1.5432087537 
C  -0.9860793792  -0.1268763128  1.0769988667  O 1.5791463568 -1.7149484977  -2.1685526693 
 175 
H  -1.1149705543  0.6671958748  1.8209980382  O 0.1360847752 -2.7870435164  -0.8789898944 
H  -1.7774531820  -0.8621333104  1.2507887472  H -0.7030983771 -2.6240234056  -0.3715255461 
C  0.3417460406  -0.7746058453  1.2934831603  C 0.1162231597 -0.4282600143  1.0752377472 
N  0.6595066302  -2.0087957712  0.9559594434  H 0.9129060358 -1.1597969085  0.9138229316 
N  1.4233366480  -0.1245723413  1.7904824211  H 0.4514368113 0.2415676767  1.8733327400 
H  1.4622691537  0.8740152965  1.9594656031  C -1.1338419130 -1.1124536077  1.5295548943 
C  2.4932085280  -0.9866562416  1.7443269224  N -1.7725057970 -2.0622097762  0.8758912059 
H  3.4749917155  -0.7070303026  2.0895162658  N -1.8168679487 -0.7804522339  2.6543853507 
C  1.9975968914  -2.1531325153  1.2309311063  H -1.5373941551 -0.0780470044  3.3215023691 
H  2.5153531360  -3.0837521059  1.0566893135  C -2.9448365989 -1.5668537576  2.7212866534 
C  -2.4335206783  1.3332376869  -0.3503986871  H -3.6501642271 -1.4982916976  3.5327848807 
H  -2.5048687277  2.0140504368  0.5030333079  C -2.8968974973 -2.3557662571  1.6081075628 
H  -3.2896865725  0.6531504541  -0.3189771780  H -3.5960209448 -3.1149819092  1.2936011163 
H  -2.4871455853  1.9173358676  -1.2717921421  C -1.2743270469 1.3756673393  0.0033452390 
C  0.3226843586  -0.6988949579  -1.9092616005  H -1.0717761471 2.0145320653  0.8701001674 
H  0.4064085779  -0.7886450406  -2.9936600351  H -2.2172340829 0.8469562717  0.1739421596 
H  0.7506267137  -1.6012306080  -1.4727914263  H -1.3938146955 2.0290713959  -0.8639283431 
 
trans-direct-cat-1b E = -821.214527   (0)  cis-stacked-cat-1b  E = -821.213746   (0) 
C  -0.4255108411  0.0886391614  0.1464174721  C -0.9635999985 0.5084688605  -0.4336342104 
C  -0.6397770052  -0.1603926659  -1.3670248752  C -0.9375769200 -0.4652956652  -1.6518656312 
H  -0.9372236209  -1.1895124522  -1.5722804989  H -1.4458740003 0.0649599023  -2.4604674201 
C  -1.7345812490  0.8682620539  -1.7421324876  C 1.2652368194 0.5522130610  -1.4245700684 
H  -1.5936676623  1.2562204551  -2.7529057527  H 2.0717143036 0.2152276687  -0.7570128382 
H  -2.7172925411  0.3952519736  -1.7086468159  H 1.7131239864 1.2011729892  -2.1855185940 
C  -1.6242938600  1.9773897078  -0.6748173839  N 0.2375941978 1.3055061977  -0.6944785457 
H  -1.4393468890  2.9681434577  -1.1009238931  C 0.6668684941 2.3662938015  0.0759418137 
H  -2.5382915212  2.0425595325  -0.0680649597  H 1.6035733027 2.7834808207  -0.2983910669 
N  -0.4781620863  1.5798867449  0.1510729863  C 0.1198281911 2.9480046246  1.1596387366 
C  -0.3044025029  2.2530929892  1.3735169012  H -0.8184032457 2.5922412551  1.5722391449 
H  0.4784677020  1.8330145541  2.0005915560  C 0.7083587566 4.1810674761  1.7866623979 
C  -0.9513068795  3.3522586342  1.7697163358  H 0.8771773323 4.0535784343  2.8613678811 
H  -1.7256001653  3.7854730014  1.1418244554  H 0.0473666639 5.0472988823  1.6719375745 
C  -0.6421525244  4.0613343432  3.0546198976  H 1.6669217623 4.4360535503  1.3252881239 
H  -1.5301709064  4.1340612981  3.6905732394  C -1.7845860514 -1.7204351552  -1.4437288041 
H  -0.2940414182  5.0834515110  2.8726252731  O -2.9259414719 -1.7544069383  -1.8374795986 
H  0.1344177256  3.5374272806  3.6177433604  O -1.2506849365 -2.7584778028  -0.8024676655 
C  0.9351655062  -0.4268289133  0.6580453639  H -0.3859935711 -2.5781283132  -0.3480196046 
H  1.7490037066  0.0889967804  0.1356457647  C -0.8930020577 -0.2194173498  0.9420899609 
H  1.0311684136  -0.2070278651  1.7241219359  H -1.1123028020 0.4981822769  1.7364567858 
C  -1.5614817861  -0.5211641379  0.9716973715  H -1.6634721260 -0.9935726038  0.9940291874 
H  -1.4924975136  -1.6110475380  0.9694361720  C 0.4423605115 -0.8292141983  1.2016122766 
H  -2.5426428210  -0.2291381272  0.5874285379  N 0.8490622623 -2.0124380264  0.7857315847 
H  -1.4856019521  -0.1820086740  2.0090473514  N 1.4521973226 -0.1669979502  1.8173033663 
 176 
C  0.6352577200  0.1104443667  -2.1593087615  H 1.3942915090 0.8027284678  2.1059606826 
O  1.1678654087  1.3226049489  -2.0023652079  C 2.5683965824 -0.9691093551  1.7817856663 
H  0.7350860870  1.7460750576  -1.2190861296  H 3.5079674227 -0.6730969713  2.2185614563 
O  1.1455224503  -0.7088822378  -2.8907262032  C 2.1724571737 -2.1114000978  1.1418372390 
C  1.0768056466  -1.9151364572  0.5469155899  H 2.7526086211 -2.9962353053  0.9295082136 
N  1.3366649777  -2.5827956349  -0.6139919354  C -2.2538222920 1.3296559168  -0.5004205761 
H  1.4660233641  -2.1646553667  -1.5308187046  H -2.4059815785 1.9563895619  0.3795280514 
N  0.9262967241  -2.7477747721  1.5548468340  H -3.1011912377 0.6433759517  -0.5907605847 
C  1.1008885134  -4.0013868043  1.0246763043  H -2.2317861641 1.9716642286  -1.3838408690 
H  1.0385297376  -4.8877170635  1.6384786156  C 0.5373470396 -0.6541880885  -2.0398423751 
C  1.3549267580  -3.9227548222  -0.3179594243  H 0.6402536604 -0.6775692225  -3.1261346714 
H  1.5489553041  -4.6720585100  -1.0682047252  H 0.9481320681 -1.5862822442  -1.6522798992 
 
cis-opend-cat-1b E = -821.209857   (0)  cis-direct-cat-1b E = -821.208424   (0) 
C  -0.0181585966  0.4676760602  -0.3862254392  C -0.5125631669 0.2273904142  0.1311190745 
C  -0.2198080425  -0.4224100846  -1.6532678949  C -0.7829891140 0.0159963443  -1.3850719243 
H  -1.2649534448  -0.7390694675  -1.7200854124  H -1.0538709940 -1.0173708498  -1.6053195063 
C  0.2007040343  0.5154665348  -2.7896215382  C -1.9244353807 1.0140736024  -1.6912410049 
H  -0.6167241601  1.1964934950  -3.0386613364  H -1.8388801365 1.4286703725  -2.6976705317 
H  0.4795539603  -0.0394195254  -3.6852706949  H -2.8896268766 0.5094327540  -1.6269935805 
C  1.3902351591  1.2799824091  -2.2029762055  C -1.8005873172 2.0996736113  -0.6035728992 
H  2.3322888952  0.7900496297  -2.4667597411  H -1.6491708419 3.1030645849  -1.0139286304 
H  1.4146065120  2.3177375840  -2.5539108847  H -2.6945176123 2.1299726794  0.0316549849 
N  1.1785960807  1.2236020181  -0.7494239387  N -0.6081167347 1.7091157398  0.1773589009 
C  1.8111750045  2.1659871571  0.0366414424  C -0.4214069645 2.4739993944  1.3487259396 
H  2.7171711310  2.5392880666  -0.4427290033  H -0.5271297688 3.5400803591  1.1432858721 
C  1.5156934139  2.6554580057  1.2524198204  C -0.1229982275 2.0930352958  2.5923601670 
H  0.6141925031  2.3575579275  1.7784531808  H -0.0297472348 1.0440955910  2.8520177250 
C  2.4045469651  3.6430853586  1.9523649332  C 0.1144749996 3.0798144076  3.6975371287 
H  2.8073010797  3.2436620137  2.8903684148  H 1.1347143394 3.0024156426  4.0871817088 
H  1.8674550495  4.5646063283  2.2033935732  H -0.5633347907 2.9008083818  4.5381359211 
H  3.2553540766  3.9158703367  1.3215170022  H -0.0362551949 4.1056823853  3.3513066977 
C  0.6784259721  -1.6676704502  -1.6753291792  C 0.8936432527 -0.2678783991  0.5365693608 
O  1.7351048544  -1.6848120049  -2.2601404777  H 1.6529708756 0.2743058701  -0.0373084769 
O  0.2304204170  -2.7401116180  -1.0303486614  H 1.0796838734 -0.0574479264  1.5889469429 
H  -0.6070165657  -2.5597106896  -0.5231310781  C -1.6029342277 -0.4731949066  0.9510445227 
C  0.2453602100  -0.3559884119  0.8986009297  H -1.5258462999 -1.5552189287  0.8248002309 
H  1.0356151379  -1.0874979662  0.7090554740  H -2.6008554419 -0.1542976815  0.6373560215 
H  0.6179412144  0.3088629055  1.6805583672  H -1.4984026878 -0.2575015535  2.0154174970 
C  -0.9897729374  -1.0442242738  1.3808257536  C 0.4445060837 0.3513491018  -2.2256189700 
N  -1.6484064231  -1.9868778802  0.7352967855  O 0.9407606441 1.5775420775  -2.0569906695 
N  -1.6474663414  -0.7140382793  2.5206969187  H 0.5347773461 1.9534344684  -1.2351200520 
H  -1.3475557687  -0.0168863929  3.1845882806  O 0.9458382692 -0.4282123194  -3.0049272833 
C  -2.7785248452  -1.4941119108  2.6078259614  C 1.0531408854 -1.7497506704  0.3806058683 
 177 
H  -3.4659758087  -1.4261037324  3.4345626536  N 1.2658256310 -2.3841214404  -0.8082847097 
C  -2.7586064009  -2.2780159895  1.4901722039  H 1.3485846831 -1.9387534653  -1.7176294868 
H  -3.4685400008  -3.0320426625  1.1874865055  N 0.9613409791 -2.6102245734  1.3723299547 
C  -1.2527989241  1.3712568216  -0.2045501352  C 1.1263591380 -3.8473002067  0.8016802086 
H  -1.1287726158  2.0487874264  0.6432847832  H 1.1050094126 -4.7500111153  1.3941387663 
H  -2.1537435860  0.7722526701  -0.0415526303  C 1.3156149349 -3.7310077358  -0.5489864354 
H  -1.4028278390  1.9870472809  -1.0941958525  H 1.4847668052 -4.4581088961  -1.3266106932 
 
Table 5.S2. Cartesian coordinates, total energies (E, Hartrees) and number of imaginary 
frequencies (in parenthesis) of the M06-2X/6-31G** optimized geometries of transition states of 
cat-1a, cat-1b and cat-1c. 
TS1-RR E = -1295.855576   (1)  TS1-RS E = -1295.865494   (1) 
C  0.3628213714  -1.7966805988  0.1755315098  C 1.5631373143 0.1294506990  -0.1379711988 
H  -0.7287396823  -1.6993178473  0.1709397591  H 1.3448126955 -0.6606487413  -0.8710219026 
C  0.7327719956  -3.1574494927  -0.4358458592  C 2.2825202569 1.2581934091  -0.8969145532 
H  0.0532437579  -3.9229912052  -0.0534969591  H 3.0667850532 0.8393425452  -1.5325960498 
C  0.9617202469  -1.4365344782  -2.1539843056  C 1.1273169249 1.8646681719  -1.7041427314 
H  1.9997547847  -1.3598073087  -2.4868408447  H 0.9937894405 1.2941302519  -2.6263088414 
H  0.3105001273  -0.9169057772  -2.8625744108  H 1.3133802721 2.9089549542  -1.9536129680 
N  0.8614399219  -0.8299898676  -0.8177287623  C -0.1136561356 1.7250221364  -0.8033177972 
C  0.9907178795  0.4475943929  -0.5441961538  H -0.9934663238 1.3813690416  -1.3546531120 
H  1.0542995152  0.6907279097  0.5150551637  N 0.2768057075 0.7380877555  0.2166227681 
C  0.9525333308  1.5596203255  -1.3972245933  C -0.4363491568 0.4829058050  1.2989254909 
H  0.8134867926  1.3727544392  -2.4610409696  H 0.0441493855 -0.1068912880  2.0712621086 
C  1.8371120132  2.7314458493  -1.0425216619  C -1.8111033403 0.7293654730  1.3792038863 
H  2.8923353025  2.5030203559  -1.2182191925  H -2.2204656642 1.4540468308  0.6787913189 
H  1.7216395538  2.9867482773  0.0179224595  C -2.4972499042 0.6505030829  2.7173498666 
H  1.5765354410  3.6091014667  -1.6372898394  H -2.4143124411 1.5904138962  3.2708883788 
C  0.8287464793  -1.5142798901  1.6023190076  H -2.0596306736 -0.1445520175  3.3294702689 
H  1.9001243419  -1.7014335262  1.7194472373  H -3.5630108636 0.4387481837  2.5897687618 
H  0.6194742150  -0.4809477606  1.8830629581  C 2.8809497642 2.2681062081  0.0783675768 
C  0.0308228144  -2.3669531493  2.5252648981  O 2.2924431548 3.2792962864  0.3799438453 
N  0.1846020822  -3.6654474315  2.7027013172  O 4.0606915585 1.9588306660  0.6093640808 
N  -1.0358286965  -1.8923787234  3.2016425627  H 4.4089090277 1.0679329617  0.3390353008 
H  -1.3541380876  -0.9220774989  3.1311972981  C 2.3147886811 -0.5343333547  1.0102918018 
C  -1.5984280843  -2.9518969497  3.8692514278  H 2.6725233796 0.1920123009  1.7449752493 
H  -2.4665186107  -2.8423262534  4.4979433838  H 1.6643043168 -1.2661782241  1.4947566368 
C  -0.8298893414  -4.0402752706  3.5529005563  C 3.4623780377 -1.2494466922  0.3839066104 
H  -0.9427176878  -5.0599088209  3.8875444851  N 4.6471010043 -0.7309616934  0.1275867474 
C  0.5411280783  -2.8987461495  -1.9367829122  N 3.3262406197 -2.4772700193  -0.1656979559 
H  -0.5126411004  -3.0302006747  -2.1943340196  H 2.4314138543 -2.9647591882  -0.2166746943 
H  1.1440323048  -3.5749783733  -2.5422910792  C 4.5068538488 -2.7724675491  -0.8046420833 
C  2.1726497933  -3.5442026423  -0.1078152231  H 4.6671817316 -3.7061211802  -1.3179865131 
O  3.0772513704  -3.3310556564  -0.8806359220  C 5.3144025523 -1.6857400163  -0.6064291917 
 178 
O  2.3755560153  -4.0962023000  1.0826697267  H 6.3298267393 -1.5369072808  -0.9400276731 
H  1.5565873724  -4.1390541485  1.6521900033  C -2.4643159599 -0.9749938189  0.3872868113 
C  -0.9707732855  2.2771727716  0.6691280878  H -2.4891527562 -1.5212527403  1.3272270183 
H  -0.6818622811  3.1176276862  1.2789302733  C -1.5408980131 -1.4781252938  -0.5471219706 
C  -0.9204698382  2.1975644703  -0.7412870082  H -1.5951546378 -1.3740800015  -1.6197199339 
H  -1.4534587007  1.3411537918  -1.1443988686  N -0.4459287035 -2.1533810106  -0.0832486349 
C  -1.0230534061  3.4213372669  -1.5743543677  O -0.2855860621 -2.2863980741  1.1518997389 
C  -1.2277910447  5.6785930357  -3.2277833089  O 0.4100569099 -2.5900441326  -0.8959423338 
C  -0.8131201986  4.7049058769  -1.0576696917  C -3.7853684709 -0.5032936587  -0.1004451336 
C  -1.3375074566  3.2902156945  -2.9323471859  C -6.3072972191 0.3457536632  -0.9881373112 
C  -1.4415249112  4.4060641629  -3.7534064546  C -3.9146533703 0.2438665836  -1.2778317797 
C  -0.9150258437  5.8232552810  -1.8787666816  C -4.9398154822 -0.8129493171  0.6253944430 
H  -0.5731369434  4.8352521283  -0.0076893948  C -6.1922325493 -0.3933557810  0.1844073509 
H  -1.5066546037  2.2968946580  -3.3411638981  C -5.1629582618 0.6623422920  -1.7195393676 
H  -1.6929812287  4.2842555603  -4.8018863023  H -3.0272045944 0.5004888606  -1.8507371670 
H  -0.7520829016  6.8116128751  -1.4616508833  H -4.8530908339 -1.4033553300  1.5333736341 
H  -1.3084562606  6.5526116161  -3.8655057655  H -7.0776677687 -0.6479591539  0.7575955491 
N  -1.2662663503  1.1471197061  1.3795351018  H -5.2453378310 1.2399858414  -2.6344661601 
O  -1.1405339989  1.1361478427  2.6292902878  H -7.2818478799 0.6757041266  -1.3321675087 
O  -1.6329394169  0.1083304738  0.7791578050  H -0.3501452339 2.6616789809  -0.2917669067 
         
TS1-SR E = -1295.855061   (1)  TS1-SS E = -1295.854413   (1) 
C  -1.2992050669  -0.4365393611  -0.1523847912  C -2.2863620254 -0.4941207776  -1.2489722175 
H  -0.8874114987  0.2823422810  -0.8712282540  H -2.5366259391 -0.4821076751  -2.3142950638 
C  -2.2104564902  -1.4376496534  -0.9112925140  C -2.0282383741 -2.1792935012  0.5125652831 
H  -2.7767628428  -0.9014770316  -1.6772565820  H -2.1630893868 -3.2441785198  0.7084870338 
C  -1.1942587109  -2.4245035225  -1.4932083990  C -0.6407112069 -1.8884471138  -0.0719999561 
H  -0.6770191534  -1.9701036913  -2.3443453120  H -0.2002980041 -2.7702886554  -0.5535319650 
H  -1.6582815464  -3.3600727611  -1.8031869284  N -0.8682932072 -0.8624859866  -1.0991036187 
C  -0.2284986137  -2.6343998865  -0.3305094981  C 0.0862648895 -0.4120313784  -1.9007175809 
H  0.7787067990  -2.9204343872  -0.6423476056  H -0.2406443485 0.2874873288  -2.6665776787 
N  -0.1834942776  -1.3014268020  0.3124151532  C 1.4533115746 -0.6958821158  -1.7608796868 
C  0.8503078152  -0.9458048306  1.0615861779  H 1.6995841591 -1.5855098771  -1.1846982237 
H  1.5386735081  -1.7662177237  1.2707318851  H -2.1692995417 -1.6400879643  1.4479881946 
C  1.2487782667  0.3398525773  1.4439346353  C -2.9999942679 -1.6895393652  -0.5744901600 
H  0.5091396447  1.1273549879  1.3795134550  H -3.0856898714 -2.4663954661  -1.3382340005 
C  2.2682455821  0.4792672634  2.5426594599  C -4.4485535542 -1.4305360755  -0.1432118720 
H  3.0152158303  -0.3197332729  2.5028678923  O -5.3569004465 -1.8699072542  -0.8045745085 
H  1.7995104195  0.4613235029  3.5308274222  O -4.6635515044 -0.7219372067  0.9559297163 
H  2.7861236415  1.4395789088  2.4430155065  H -3.8540652566 -0.3073405832  1.3810787277 
C  -3.2017619235  -2.2027043413  -0.0023765943  C -2.5604706120 0.9227239215  -0.7054631856 
O  -2.9666144820  -3.3374064932  0.3512850586  H -3.6392885920 1.1072422351  -0.7341781890 
O  -4.3098572457  -1.5865974995  0.3540128833  H -2.0806008343 1.6399354168  -1.3788727405 
H  -4.3840372141  -0.6164439313  0.0589819326  C -2.0442798074 1.1646492467  0.6765601917 
 179 
C  -2.0218977823  0.3809110938  0.9283939374  N -2.5388954615 0.6562148315  1.7914958707 
H  -2.5663173503  -0.2738868345  1.6138217984  N -0.9621031530 1.9277721577  0.9383033580 
H  -1.3190457372  0.9705668247  1.5128546905  H -0.3968781928 2.3547067687  0.1953404846 
C  -2.9849810495  1.3121447065  0.2533109127  C -0.7431032546 1.8989117144  2.2924698694 
N  -4.1986905679  0.9749568213  -0.1474859336  H 0.0644170136 2.4409408459  2.7571878992 
N  -2.7003820546  2.5843765938  -0.1000867764  C -1.7331000598 1.1055887739  2.8082945992 
H  -1.7627232227  2.9947913690  -0.0360122408  H -1.9205153385 0.8454129827  3.8386331556 
C  -3.7932850639  3.0872822068  -0.7587445514  C 2.0183953405 0.6473028852  -0.3334752117 
H  -3.8166507551  4.0933812507  -1.1438138213  H 1.0358872790 0.6767909979  0.1300867576 
C  -4.7176456252  2.0793139929  -0.7758703619  C 2.4406627760 1.8238358277  -0.9736391460 
H  -5.7134724283  2.0816000622  -1.1907291128  H 3.4660078994 2.1022550094  -1.1599520014 
C  2.2386650977  2.3633633360  -0.0873689221  O 0.2848517677 2.3013630300  -1.4878875402 
H  3.1346497020  2.9145530390  0.1476925751  N 1.5155816416 2.6212946390  -1.5937396665 
C  2.1265488851  0.9688990376  -0.2432427775  O 1.8659360058 3.5975222257  -2.2545698954 
H  1.2994820077  0.6525433503  -0.8750152968  C 3.0194801014 -0.1169437912  0.4578772778 
C  3.3482824787  0.1404476885  -0.4000425334  C 2.6279451544 -0.6906589561  1.6727228527 
C  5.5894943557  -1.5162550049  -0.7095191773  C 4.3429685582 -0.2799309940  0.0334364571 
C  4.5707064428  0.4818278750  0.1866825643  C 3.5315669807 -1.4144762489  2.4432054456 
C  3.2684950252  -1.0420967005  -1.1452242383  H 1.6104545904 -0.5380637922  2.0277005427 
C  4.3771922165  -1.8647490810  -1.3022723926  C 5.2455000875 -1.0090078039  0.8005888085 
C  5.6822062127  -0.3419567195  0.0322012902  H 4.6724086969 0.1706620952  -0.8977501275 
H  4.6548331081  1.3926689758  0.7712525156  C 4.8427624738 -1.5812284968  2.0049767842 
H  2.3227094938  -1.3031930430  -1.6171694960  H 3.2134738753 -1.8438627027  3.3876488043 
H  4.2991236667  -2.7728301312  -1.8913437194  H 6.2683054888 -1.1275920412  0.4582079465 
H  6.6245174931  -0.0635146557  0.4925216172  H 5.5492332504 -2.1483592662  2.6018653143 
H  6.4581976350  -2.1549966032  -0.8295087800  C 2.3409914394 -0.4040445038  -2.9441324902 
N  1.0939199010  3.1188033727  -0.1126335249  H 3.3910650618 -0.3779426510  -2.6427529395 
O  -0.0118363007  2.5168502808  -0.2888643428  H 2.2375390723 -1.1644238641  -3.7239447803 
O  1.1365905279  4.3386913774  0.0460902151  H 2.0954554052 0.5692663045  -3.3800708299 
H  -0.6323753232  -3.3715115437  0.3656453098  H 0.0693828178 -1.5265458903  0.6775162006 
 
TS1-RS-Hypo E=-1295.85463317  (1)  TS2-RR E = -1335.145587   (1) 
C  1.5259962936  -0.7822069810  0.6162064582  C -2.9590753305 -1.0102564943  0.9257796033 
H  1.6013182314  -0.2066187047  1.5476030324  H -3.0478403321 -1.4992150132  1.9015528563 
C  2.5916603378  -1.9191993598  0.6365398666  C -1.4438271468 -1.0640167177  0.5854358187 
H  3.4366794186  -1.6016956126  1.2522900578  C -3.2833532847 0.4741793783  1.1270763012 
C  1.8345268410  -3.1160065274  1.2272237097  H -4.1629112596 0.6021798862  1.7603940557 
H  1.7658597478  -3.0262789421  2.3155103646  H -3.4687974934 1.0046426306  0.1923990776 
H  2.3031145862  -4.0632007578  0.9629758868  C -2.0188085979 0.9920119691  1.8218225350 
C  0.4508219541  -2.9654698343  0.6019377349  H -2.1235162626 0.9607408939  2.9120038570 
H  -0.3490180375  -3.4825561717  1.1350230201  H -1.7334504075 2.0062751626  1.5277949924 
N  0.2360283143  -1.5108227360  0.6790107262  N -0.9461515274 0.0521833916  1.4263185647 
C  -0.8736007506  -0.9857583611  1.1744103658  C 0.2861019597 0.2471988073  1.8837553103 
C  -1.1764659670  0.3732916183  1.3565401531  H 0.3491885383 1.0610668282  2.6049538484 
 180 
H  -0.3513539924  1.0779413431  1.2542804249  C 1.4878265570 -0.3903215441  1.5462455299 
C  3.1262681247  -2.2925349309  -0.7606192117  H 1.4310586642 -1.2856269897  0.9360585843 
O  2.7050519063  -3.2603014146  -1.3543409498  C 2.5738078400 -0.3696822736  2.5956046142 
O  4.0672744057  -1.5189997285  -1.2618016182  H 3.5195630853 -0.7238789300  2.1798455820 
H  4.2218345004  -0.6721966947  -0.7286185889  H 2.3282662005 -1.0096927180  3.4483786389 
C  1.6197070997  0.2063804374  -0.5559933546  H 2.7225574019 0.6498729233  2.9687270132 
H  1.7703841690  -0.3283877943  -1.4998011532  C -3.8396506669 -1.8871498151  0.0243542087 
H  0.6990929166  0.7827294648  -0.6358266451  O -4.1697442408 -2.9792311501  0.4260506994 
C  2.7342520598  1.1760726674  -0.3116374567  O -4.2073520287 -1.4587801801  -1.1721813491 
N  4.0040027028  0.8479696791  -0.1367955376  H -3.7637602024 -0.6294948686  -1.5203014617 
N  2.5593028063  2.5079420285  -0.1728328280  C -1.1130409397 -0.7782249344  -0.8994335969 
H  1.6532146181  2.9779304365  -0.2544963529  H -1.5158974574 -1.5881552469  -1.5157326192 
C  3.7855427289  3.0639042495  0.0899200634  H -0.0227767439 -0.8061400222  -0.9995539700 
H  3.9160358278  4.1237719503  0.2336070240  C -1.6585551036 0.5107468295  -1.4272310882 
C  4.6718439487  2.0223829152  0.1081546655  N -2.7887588960 0.5979908623  -2.1084613697 
H  5.7371434125  2.0459329858  0.2769943516  N -1.1551578172 1.7411687401  -1.1762534026 
O  -0.1489731202  2.6986491844  -0.4365148035  H -0.3574136802 1.9875999530  -0.5748149011 
C  -2.3546780453  2.2482286644  -0.2265033851  C -2.0138476496 2.6619315251  -1.7220016768 
H  -3.3203769519  2.6892221197  -0.0406756729  H -1.8232016001 3.7209438999  -1.6574245928 
C  -2.0750121435  0.8681884774  -0.3190762961  C -3.0206000644 1.9371080570  -2.2995215568 
H  -1.2304818283  0.6171832602  -0.9580631140  H -3.8854526433 2.2915128045  -2.8387623212 
H  -1.6627827245  -1.7108466854  1.3766582336  C -0.8968867910 -2.4398498580  0.9814310002 
C  -2.1706195584  0.6994064139  2.4453975792  H -0.7549793426 -2.4980804380  2.0634658667 
H  -2.6097961001  1.6853275082  2.2576234385  H 0.0449340191 -2.6839979608  0.4870179077 
H  -2.9780201514  -0.0389929058  2.4829008795  H -1.6344203009 -3.1943543823  0.6942702615 
H  -1.6911485727  0.7289769889  3.4275993447  C 2.6595490790 2.0867417186  0.5956158786 
C  -3.2177107860  -0.0766694471  -0.4671236637  H 3.6675580294 2.3857010134  0.8325834532 
C  -3.0307707921  -1.2595806757  -1.1924655629  C 2.2759807619 0.8504627498  0.0641978136 
C  -4.4664924618  0.1613575208  0.1159100060  H 1.3451976703 0.8339454556  -0.4950369100 
C  -4.0636904265  -2.1786617538  -1.3375581138  C 3.3189189783 -0.0464138278  -0.4954719843 
H  -2.0631307362  -1.4513857466  -1.6513889287  C 5.2361168560 -1.7652603847  -1.6122334487 
C  -5.5007223773  -0.7594283175  -0.0264491100  C 4.6395020980 -0.0438156694  -0.0284462022 
H  -4.6311533552  1.0683302930  0.6894538166  C 2.9797563212 -0.9247010796  -1.5313052383 
C  -5.3037345273  -1.9306636771  -0.7525718953  C 3.9274708558 -1.7758498351  -2.0877401535 
H  -3.9032045235  -3.0849424214  -1.9124931509  C 5.5882463662 -0.8958867672  -0.5827319396 
H  -6.4644380454  -0.5587045461  0.4301945279  H 4.9281792541 0.6250123706  0.7761670473 
H  -6.1126144048  -2.6448770996  -0.8655079088  H 1.9648277063 -0.9229374593  -1.9209192506 
N  -1.3251012673  3.1520337308  -0.2973457736  H 3.6453991046 -2.4426151810  -2.8957970429 
O  -1.5419020175  4.3605628670  -0.2222037197  H 6.6069430517 -0.8791379979  -0.2096736292 
H  0.4753797124  -3.2885849770  -0.4414569360  H 5.9785855409 -2.4281689643  -2.0437781230 
     N 1.7081954571 3.0105130035  0.9471069787 
     O 2.0372485723 4.0893539545  1.4356357123 
     O 0.4824428418 2.7128564749  0.7850334374 
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TS2-RS E = -1335.150876   (1)  TS2-SR E = -1335.150513   (1) 
C  2.2661970135  -1.9841165890  0.5469675511  C -0.5816085832 -1.1652378126  -0.9144538716 
C  1.4111495609  -0.6972067498  0.7852868267  C -0.7088767279 -2.2043205778  -2.0676973845 
C  0.0354861384  -2.7314276792  0.9276563235  H -1.7627409695 -2.3244978907  -2.3291376209 
H  -0.6954084699  -3.1129592452  1.6436329677  C 0.1185930282 -1.5754318624  -3.1914956089 
H  -0.2097840263  -3.0819186113  -0.0775543698  H -0.4672613697 -0.8167879863  -3.7147734204 
N  0.0326920589  -1.2548379506  0.9599105351  H 0.4518554300 -2.3224310464  -3.9116064733 
C  -1.0495552063  -0.5923199022  1.3444375480  C 1.3078432169 -0.9537359418  -2.4604224990 
H  -1.8939256727  -1.2475164377  1.5652639287  H 2.1432946775 -1.6556669521  -2.4278541727 
C  -1.3124030540  0.7870069746  1.4013229517  H 1.6353650320 -0.0058207216  -2.8975442825 
H  -0.4728528926  1.4724852078  1.3276347603  N 0.8340519529 -0.7248191120  -1.0721007636 
C  -2.3926915222  1.2129573831  2.3668323449  C 1.6889890906 -0.2116693101  -0.1939472709 
H  -2.0067494330  1.2997282105  3.3865923719  H 2.6717538747 -0.0398672612  -0.6382862676 
H  -3.2243864187  0.5008372706  2.3769646925  C 1.5268681031 0.2784696910  1.1101715600 
H  -2.7805804998  2.1945946576  2.0732060354  H 0.6707497383 -0.0408289176  1.6843674625 
C  1.4330116397  0.2955097316  -0.3939847345  C 2.7777508025 0.5043594479  1.9214470521 
H  0.6304976190  1.0190519212  -0.2787201611  H 3.5950278856 0.8920857911  1.3052002946 
H  1.2628568786  -0.2408908952  -1.3346633440  H 3.1173138508 -0.4171864436  2.4029780361 
C  2.6989101964  1.0860282625  -0.4563935812  H 2.5722769101 1.2330793586  2.7135063130 
N  3.9242580496  0.5916638047  -0.5053945127  C -0.8684744339 -1.7662832809  0.4729163534 
N  2.7249330315  2.4358320171  -0.4041828758  H -0.2607363828 -2.6590550847  0.6445622007 
H  1.8880939579  3.0223403919  -0.3842670499  H -0.6474999919 -1.0360333208  1.2421268012 
C  4.0394583662  2.8285231477  -0.4364839069  C -1.5313974831 0.0148599391  -1.1966648862 
H  4.3305207652  3.8657621928  -0.4183452150  H -1.6144128539 0.6592254356  -0.3190771305 
C  4.7706429473  1.6740022960  -0.4982491401  H -2.5307517552 -0.3648199272  -1.4291466752 
H  5.8423647046  1.5574749897  -0.5416774647  H -1.1797712952 0.6032488029  -2.0485528339 
C  1.8582617427  -0.0309974527  2.0942456833  C -0.1250219904 -3.5703938065  -1.6874989912 
H  1.7900215407  -0.7416458266  2.9219289925  O 1.0207396024 -3.8584454188  -1.9499606715 
H  1.2445139310  0.8383116167  2.3364448763  O -0.9319416668 -4.4078559091  -1.0566348401 
H  2.8948902160  0.2978672594  1.9981842682  H -1.8140804849 -3.9994713000  -0.8040973423 
C  -2.2486568774  2.6148389014  -0.3977377167  C -2.3225893696 -2.0716812407  0.6109853622 
H  -3.2055035561  3.1083990946  -0.3455839779  N -2.9828773519 -3.0324276996  -0.0091882078 
C  -2.0322611363  1.2224792269  -0.3908213591  N -3.1567949573 -1.3016926296  1.3450600417 
C  1.4778378399  -3.0842462700  1.2659572816  H -2.8563698146 -0.4679460617  1.8548597446 
H  1.6433345599  -3.0349078797  2.3456929775  C -4.2999875261 -2.8771200708  0.3520983286 
H  1.7446028504  -4.0768048647  0.9044396649  H -5.0691523232 -3.5448833488  -0.0037404019 
H  3.2609239137  -1.8257645846  0.9727848812  C -4.4253501592 -1.8028521083  1.1906495611 
C  2.4346452399  -2.3651444168  -0.9355713186  H -5.2799387044 -1.3700383166  1.6838784324 
O  1.7361157252  -3.2076298749  -1.4537281708  C 0.1929431451 2.4865449667  2.0643770318 
O  3.3872152179  -1.7442184471  -1.6039754388  H 0.6212431320 3.2138962442  2.7347052818 
H  3.7846652678  -0.9633682732  -1.1066315588  C 0.7138878690 2.0898119082  0.8201242736 
H  -1.1431901854  0.8963581695  -0.9251102723  H -0.0224133484 1.7120394702  0.1177527285 
C  -3.1929600738  0.3122224828  -0.5894145539  N -0.9340226003 1.8682672532  2.5535645445 
C  -5.3108223948  -1.4902243482  -0.9509794314  O -1.4272450312 2.2232962722  3.6225988798 
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C  -2.9814437361  -0.9265639480  -1.2072774529  O -1.4395118576 0.9176790599  1.8779292606 
C  -4.4819055812  0.6329250086  -0.1525519779  C 1.7864666079 2.8922423383  0.1789875148 
C  -5.5324074496  -0.2626865775  -0.3331278945  C 3.8095040576 4.3330077353  -1.1242134762 
C  -4.0299453476  -1.8206306122  -1.3895746567  C 2.7118070860 3.6404948387  0.9126654766 
H  -1.9815151625  -1.1824264117  -1.5525541042  C 1.8927029359 2.8770289037  -1.2171806439 
H  -4.6656404770  1.5844738571  0.3369466768  C 2.8919409426 3.5911748284  -1.8663840882 
H  -6.5277365106  0.0016652081  0.0089889056  C 3.7153312053 4.3551339823  0.2642031186 
H  -3.8488716004  -2.7718073698  -1.8795928791  H 2.6535963586 3.6624181730  1.9963205448 
H  -6.1320472881  -2.1848014493  -1.0936290914  H 1.1696378677 2.3004573740  -1.7920807475 
N  -1.1736530671  3.4714385134  -0.4063039338  H 2.9530684742 3.5752250384  -2.9498178689 
O  -0.0104853105  2.9692327890  -0.3590993624  H 4.4253968960 4.9321301984  0.8475639632 
O  -1.3448586431  4.6887012503  -0.4479985784  H 4.5912396389 4.8929022392  -1.6267028213 
         
TS2-SS E = -1335.155936  (1)  TS2-SR' E=-1335.14660317  (1) 
C  2.2282128051  -1.1273082858  -0.1073227269  C 1.7094753221 0.1575261027  0.8510587793 
C  2.9824214827  -0.6184167378  -1.3689372040  C 1.9657454417 -1.3564730484  1.2098137752 
H  3.1359326494  -1.4995103599  -1.9969426652  H 2.4906166235 -1.3821747127  2.1670784514 
C  2.0361028438  0.3483987873  -2.1025269808  C 0.5792797083 -2.0043443733  1.3683087560 
H  2.2879221358  1.3911317512  -1.9186166809  H 0.2258106977 -2.4138399129  0.4178425901 
H  2.0898474775  0.1777096953  -3.1788817552  H 0.5861897711 -2.8013308004  2.1134870224 
C  0.6306231720  0.0287275773  -1.5623193371  C -0.3058212340 -0.8316836717  1.7629475185 
H  0.1708609233  0.9098584479  -1.0958417472  H -1.3630689170 -0.9983088162  1.5657136404 
H  -0.0450524936  -0.3365973737  -2.3415333042  H -0.1804822840 -0.5637702302  2.8226086454 
N  0.8224222430  -1.0280273375  -0.5639316423  N 0.2141477516 0.2395669817  0.9146516088 
C  -0.1605882200  -1.8020436036  -0.1188386404  C -0.4807371673 1.3202606754  0.5734146503 
H  0.1352859128  -2.5388462328  0.6223699811  H 0.0716603202 2.0809504377  0.0295638133 
C  -1.5115816703  -1.7110778761  -0.4778086783  C -1.8528372601 1.4834746142  0.7569357019 
H  -1.7393185515  -1.1615903383  -1.3877137167  H -2.3226832750 0.9055781395  1.5480271836 
C  -2.3927198346  -2.8950385769  -0.1734729932  C -2.4631290774 2.8321352760  0.4744397013 
H  -3.4477079414  -2.6112196680  -0.2247374431  H -2.3802647734 3.5023526558  1.3356225231 
H  -2.1962094178  -3.2714262068  0.8355644686  H -3.5272906715 2.7358384534  0.2406476511 
H  -2.2355524781  -3.7154149254  -0.8803957991  H -1.9688137124 3.3117503593  -0.3760141559 
C  4.4027605034  -0.1385207318  -1.0555273867  C 2.9046165805 -2.0847060750  0.2540490390 
O  5.3266025257  -0.9112053742  -1.1521013324  O 4.0634677471 -2.2751917389  0.5592221784 
O  4.5782926699  1.1135051296  -0.6570791375  O 2.4440908428 -2.4861523108  -0.9184557796 
H  3.7383611033  1.5999987149  -0.4058227716  H 1.5431894503 -2.1517531973  -1.1563785572 
C  2.4338259000  -0.2718724422  1.1713110399  C 2.2491981485 0.6232818237  -0.5276413114 
H  3.5052424517  -0.2123173833  1.3887175779  H 2.0983145108 -0.1380474454  -1.2945325950 
H  1.9495177232  -0.7949456449  2.0012594987  H 1.6752106109 1.4862316600  -0.8633034146 
C  1.8533966725  1.1009400211  1.0864760689  C 3.6623118088 1.1220912395  -0.4868469879 
N  2.3259442034  2.1149001370  0.3823576239  N 4.7838082849 0.3499179873  -0.4529450374 
N  0.6845848041  1.4321994787  1.6760260851  H 4.8173573833 -0.6628520256  -0.4192051727 
H  0.1374109492  0.7577787447  2.2204635073  N 3.9644811225 2.4038359520  -0.4406596333 
C  0.3826345290  2.7231249354  1.3214968948  C 5.3331591543 2.4578462848  -0.3759142253 
 183 
H  -0.5004283535  3.2284997262  1.6779095249  H 5.8609438888 3.3993137915  -0.3375332050 
C  1.4150512863  3.1330053617  0.5190773584  C 5.8619217939 1.1953412993  -0.3795809741 
H  1.5619939142  4.0936522678  0.0498047328  H 6.8748735451 0.8283040467  -0.3461436600 
C  2.6502284327  -2.5615968811  0.2005519372  C -2.6318402022 0.2577100904  -0.7925409874 
H  2.2231744261  -2.9253719827  1.1387757412  H -2.4945500693 1.0797844892  -1.4901797792 
H  3.7402599048  -2.5835117885  0.2860213026  C -1.8157318831 -0.8516226057  -1.0159139513 
H  2.3588074942  -3.2302097444  -0.6137695449  H -2.0164753123 -1.8654799958  -0.7052113082 
C  -2.5657951737  -0.8049977039  2.0170557936  N -0.6241335383 -0.6680183259  -1.6676339497 
H  -3.5530275186  -1.0936803809  2.3406937722  O 0.1133820802 -1.6760592124  -1.8655825100 
C  -2.2420756019  -0.2308597151  0.7826320844  O -0.3030077506 0.4659211118  -2.0490474172 
H  -1.3106880085  0.3226621671  0.7324425222  C -4.0130071174 0.0534356846  -0.2967808499 
C  -3.3216469492  0.3457821198  -0.0568679037  C -6.6498224537 -0.3127690393  0.5819900320 
C  -5.2919227115  1.4932530798  -1.6892873003  C -5.0511511320 0.8392394494  -0.8076430261 
C  -4.6311569549  -0.1485930374  -0.0468212772  C -4.3162324882 -0.9164875548  0.6671306985 
C  -3.0174088902  1.4233685969  -0.8971720299  C -5.6223850045 -1.0994248867  1.1018250928 
C  -3.9931112103  1.9967283945  -1.7039931831  C -6.3612586200 0.6555578250  -0.3739988422 
C  -5.6068733107  0.4212510704  -0.8582245407  H -4.8277646740 1.5874999299  -1.5630356698 
H  -4.8927374450  -0.9797896466  0.6004528935  H -3.5219780394 -1.5328168181  1.0812929901 
H  -2.0052700620  1.8233660224  -0.8991846888  H -5.8413098011 -1.8551651304  1.8489744228 
H  -3.7415015729  2.8373986956  -2.3423110527  H -7.1556667035 1.2690009169  -0.7859525569 
H  -6.6178740943  0.0277463355  -0.8387948869  H -7.6696864119 -0.4555232748  0.9231799521 
H  -6.0554888566  1.9362038010  -2.3200313657  C 2.2775481797 1.0469909247  1.9650262095 
N  -1.5588829658  -1.2205535800  2.8524113637  H 3.3497216946 0.8660728983  2.0768861122 
O  -1.8161908192  -1.8145646685  3.8974360108  H 2.1427801246 2.1032980522  1.7166883388 
O  -0.3569326531  -0.9986028011  2.4957669525  H 1.7849899857 0.8271120503  2.9170974785 
 
TS2-SR'' E=-1335.14511438  (1)  TS3-RR E=-1146.63634978  (1) 
C  1.9854800000  0.8367590000  -0.8536300000  C -0.8897135639 1.5312310846  3.5411452585 
C  1.9790180000  2.3786300000  -0.7677760000  H 0.1669699362 1.8047949770  3.5017957024 
H  2.8643190000  2.7715120000  -1.2702710000  H -1.2302075538 1.6569057782  4.5706002665 
C  0.6892580000  2.7787410000  -1.5082510000  C -1.7127397425 2.3699040329  2.5585976853 
H  0.3406870000  3.7741700000  -1.2273370000  H -1.3404161777 3.3933035155  2.4688097578 
H  0.8639350000  2.7778590000  -2.5862050000  H -2.7600896329 2.4046371842  2.8786364111 
C  -0.3109320000  1.6885680000  -1.1255860000  C -1.6355183960 1.6406285176  1.2001535916 
H  -0.8875790000  1.9744130000  -0.2432000000  C -1.1039698026 0.0986629040  3.0552114583 
H  -1.0063190000  1.4599490000  -1.9385090000  H -1.9626155802 -0.3694670711  3.5517457576 
N  0.5183300000  0.5077510000  -0.8150320000  H -0.2307833752 -0.5493944295  3.1742221783 
C  0.0703430000  -0.7403160000  -0.9853070000  N -1.4014946491 0.2329089034  1.6145645696 
H  0.8202240000  -1.5186450000  -0.8567950000  C -1.4684810455 -0.8575917777  0.8624046444 
C  -1.2578060000  -1.0897900000  -1.2092170000  H -1.3951056055 -1.7796045639  1.4380889179 
H  -1.9089920000  -0.3308740000  -1.6319060000  C -1.5569563144 -1.0016894962  -0.5315048871 
C  -1.5873880000  -2.5205210000  -1.5450420000  H -1.7479673455 -0.1138359235  -1.1260257658 
H  -1.4350580000  -2.7389530000  -2.6065020000  C -2.1961533989 -2.2769667024  -1.0285171366 
H  -2.6358990000  -2.7381900000  -1.3182710000  H -3.2668682943 -2.3117802334  -0.8053430232 
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H  -0.9627140000  -3.2038990000  -0.9614930000  H -1.7235964845 -3.1465568565  -0.5571976113 
C  1.9764330000  3.0704670000  0.5986710000  H -2.0820762668 -2.3693261373  -2.1105900310 
O  2.6261270000  4.0704550000  0.7576910000  C -0.4518824975 2.1489614092  0.3458375480 
O  1.1155670000  2.6679550000  1.5440560000  H -0.6847632107 3.1624065408  0.0067554560 
H  0.8936050000  1.7168350000  1.5811500000  H -0.3665009507 1.5159455767  -0.5437658183 
C  2.8109390000  0.2121840000  0.2961880000  C -2.9510636491 1.8120811197  0.4367372666 
H  3.7102170000  0.8322840000  0.3838230000  H -3.2000172646 2.8766967881  0.4133950565 
H  2.2722710000  0.2860940000  1.2444570000  H -3.7587036292 1.2811143710  0.9474793912 
C  3.2780710000  -1.1995220000  0.1113920000  H -2.9004369138 1.4620080403  -0.5951344318 
N  2.7484930000  -2.2443330000  0.8021020000  C 0.8363803170 2.2351062011  1.0974238806 
H  1.9563780000  -2.1634730000  1.4366600000  N 1.3191920991 3.3593137126  1.5867172637 
N  4.2590220000  -1.5902450000  -0.6773170000  N 1.5875685366 1.1618363829  1.4723010294 
C  4.3561340000  -2.9452130000  -0.4897930000  H 1.3961934376 0.1687572640  1.3098459494 
H  5.0914770000  -3.5364790000  -1.0154500000  C 2.6097685065 1.6378607143  2.2530916976 
C  3.4286110000  -3.3726910000  0.4246010000  H 3.3546822036 0.9822048083  2.6745865962 
H  3.2046090000  -4.3443090000  0.8339390000  C 2.4286276254 2.9952984017  2.3077585966 
C  -2.2039220000  -0.8448380000  0.7116610000  H 3.0370713411 3.7280751670  2.8170360699 
H  -2.0431820000  -1.9108780000  0.8427890000  C 0.4390770471 -1.2579904408  -1.0710218458 
C  -1.4307410000  -0.0214930000  1.5265470000  H 0.7456126658 -0.3623599080  -0.5397802730 
H  -1.6547040000  0.9904010000  1.8297800000  C 0.9437606971 -2.4687204982  -0.5816703189 
N  -0.2147400000  -0.4959270000  1.9330110000  H 1.0764467115 -3.3735780619  -1.1521438062 
O  0.5525890000  0.2327010000  2.6073840000  N 1.2499283265 -2.5973974417  0.7501715418 
O  0.1253020000  -1.6471430000  1.5802140000  O 1.6804292694 -3.6636983966  1.1881826191 
C  -3.5672220000  -0.4398990000  0.3128620000  O 1.0528141534 -1.6060084061  1.5185871992 
C  -6.1724010000  0.2703080000  -0.4328190000  C 0.3399348621 -1.0651835643  -2.5405304287 
C  -4.5685710000  -1.4114580000  0.2082520000  C 0.1847907999 -0.6209603177  -5.3074029307 
C  -3.8885390000  0.8939760000  0.0287110000  C 0.5019234024 0.2200227409  -3.0711740567 
C  -5.1807640000  1.2463730000  -0.3375610000  C 0.1043815593 -2.1274436738  -3.4228305676 
C  -5.8637580000  -1.0583920000  -0.1589170000  C 0.0268028219 -1.9058415663  -4.7932560375 
H  -4.3311370000  -2.4463730000  0.4384450000  C 0.4266995010 0.4422358879  -4.4416919581 
H  -3.1177730000  1.6575250000  0.0887910000  H 0.7166069430 1.0490699059  -2.4015698433 
H  -5.4164610000  2.2833750000  -0.5527020000  H -0.0222320349 -3.1335585727  -3.0354053352 
H  -6.6314970000  -1.8218590000  -0.2276990000  H -0.1552118956 -2.7405821600  -5.4622247241 
H  -7.1810700000  0.5470210000  -0.7209010000  H 0.5644962289 1.4446993504  -4.8333525453 
C  2.5508940000  0.4214230000  -2.2181470000  H 0.1253430426 -0.4508615606  -6.3772975450 
H  3.6258840000  0.6116160000  -2.2484560000      
H  2.4176700000  -0.6492990000  -2.3827500000      
H  2.0578700000  0.9679430000  -3.0265370000      
         
TS3-RS E=-1146.63703995  (1)  TS3-SR1 E=-1146.64586085  (1) 
C  1.8180567782  2.5862123190  1.3039312349  C -0.5318173251 2.6127411108  2.0830744717 
H  1.5450560733  3.5564158692  1.7232193035  H -0.8070904570 3.6035657396  2.4520984834 
C  1.2172954800  2.4227215952  -0.1166135244  C -1.1514693625 2.3301055363  0.7053752067 
C  1.1546830593  0.3106083731  1.0872659135  C -1.1968405272 0.2821416839  2.0161465994 
 185 
H  0.4799235301  -0.4977541012  1.3589377238  H -2.1885869654 -0.1838500017  2.0810134765 
H  2.1441078303  -0.1034240033  0.8384347401  H -0.4519848841 -0.4945013308  2.1838006073 
N  0.6286416210  1.0473925029  -0.0690362872  N -1.0078168056 0.8447148524  0.6691673896 
C  -0.0750120051  0.5237518677  -1.0549101835  C -1.0231669192 0.0797635334  -0.4119514003 
H  -0.3625495383  1.2172699466  -1.8419499271  H -0.9980570169 0.5973034382  -1.3658076530 
C  -0.5584930859  -0.7986248134  -1.0776218192  C -0.9260793813 -1.3156978528  -0.3711580050 
H  0.0301882560  -1.5203339658  -0.5139897040  H -1.2724635433 -1.8077483761  0.5340492513 
C  -1.1264247061  -1.3064892534  -2.3833418930  C -1.1232996540 -2.0806137298  -1.6545383382 
H  -1.7514149598  -2.1874999058  -2.2122397708  H -0.6566334546 -3.0682456014  -1.5927713552 
H  -0.3480933197  -1.5973921569  -3.0967699621  H -0.6731813476 -1.5406667683  -2.4940122217 
H  -1.7479494248  -0.5369452531  -2.8526098012  H -2.1827254296 -2.2362726548  -1.8808519744 
C  2.3207000623  2.4410034870  -1.2077438105  C -0.3592578004 3.0817627327  -0.3779046602 
H  2.8726441663  3.3806189689  -1.1206664295  H 0.6984323999 2.8172501770  -0.2977055577 
H  1.8423084315  2.4295156234  -2.1949396309  H -0.4448329360 4.1404727579  -0.1058871199 
C  0.1711986269  3.4905100919  -0.4202587777  C -2.6423438742 2.6807307282  0.6640369558 
H  0.6784778205  4.4597793745  -0.4428260353  H -2.7707621448 3.7600203947  0.7845048584 
H  -0.6098125631  3.5049856093  0.3429580575  H -3.1884403648 2.1736196999  1.4654756431 
H  -0.3083111872  3.3377033760  -1.3905550100  H -3.0729281121 2.4059547165  -0.3001943052 
C  3.2886792880  1.3093819946  -1.0926149115  C -0.8041582578 2.9358795298  -1.8011246064 
N  4.3740949240  1.2924770162  -0.3503457646  N -1.9620483867 3.2925403257  -2.3203976934 
N  3.0787601764  0.0932508137  -1.6764492220  N 0.0213284063 2.4107620624  -2.7462385916 
H  2.2923293555  -0.1546708482  -2.2583487755  H 0.9218226757 1.9960445087  -2.5248792549 
C  4.0911591374  -0.7448439667  -1.2734525242  C -0.6554688248 2.4193630545  -3.9383685322 
H  4.1633771706  -1.7663217255  -1.6097951759  H -0.2186973365 2.0538113047  -4.8534500687 
C  4.8801206769  0.0203659122  -0.4579210259  C -1.8769379210 2.9708020331  -3.6521768581 
H  5.7877690878  -0.2706944774  0.0495118069  H -2.6951843851 3.1598145550  -4.3315189027 
C  -2.1432967656  -0.7665341419  0.1464550757  C 1.1161636684 -1.5900018175  0.0479849792 
H  -2.7937458941  -0.4655468279  -0.6726863832  H 1.2995257949 -1.6088375975  -1.0227534881 
C  -2.0296019679  0.1943564291  1.1647474639  C 1.6849480010 -0.4993791907  0.7138882763 
H  -1.8230257360  0.0033044556  2.2065992728  H 1.9609053702 -0.4497130253  1.7559841760 
N  -2.1327360368  1.5184370935  0.8177082625  N 1.9032177362 0.6545822032  0.0048749106 
O  -2.0123374634  2.3994878448  1.6926564655  O 2.4068824096 1.6473432036  0.5577821638 
O  -2.3176037996  1.7985389509  -0.3896804619  O 1.5556791072 0.6750058255  -1.2042984407 
C  -2.2651144567  -2.1969056610  0.5420299854  C 1.0963221523 -2.9199709291  0.7059686622 
C  -2.5355154382  -4.8973875696  1.2591200723  C 1.0846561645 -5.4671887076  1.8878159621 
C  -1.4802740208  -2.7490251089  1.5616969547  C 1.3135420868 -4.0685153787  -0.0629952536 
C  -3.1848876140  -3.0223835525  -0.1119526704  C 0.8750511939 -3.0711161415  2.0809771852 
C  -3.3214565433  -4.3616566710  0.2440928718  C 0.8707401379 -4.3307134532  2.6664578857 
C  -1.6145521854  -4.0850107884  1.9187055144  C 1.3087492853 -5.3318593293  0.5217642855 
H  -0.7606690199  -2.1249363204  2.0853799097  H 1.5076343234 -3.9642822202  -1.1268373957 
H  -3.8099602894  -2.6020738837  -0.8951456713  H 0.7096554065 -2.1948595498  2.7018442172 
H  -4.0456774375  -4.9843830145  -0.2709941728  H 0.6990726837 -4.4276427946  3.7336017745 
H  -0.9992628555  -4.4948529133  2.7131833726  H 1.4847072273 -6.2094247300  -0.0917128484 
H  -2.6391109304  -5.9409541018  1.5372857812  H 1.0786953375 -6.4506578856  2.3458692881 
 186 
H  2.9085003778  2.5195728728  1.2543055145  H 0.5582339544 2.5582840833  1.9847589673 
C  1.2560041114  1.4198081839  2.1265293126  C -1.0424760636 1.4756007294  2.9751146481 
H  1.8969800142  1.1478832889  2.9668093266  H -0.3502622390 1.2501491440  3.7879144505 
H  0.2513807488  1.6606911652  2.4894743093  H -2.0053748827 1.7300294020  3.4238421896 
         
TS3-SR2 E=-1146.64676222  (1)  TS3-SS E=-1146.64247680  (1) 
C  -0.6077849117  2.1234276642  1.3975235944  C -2.2876842891 1.5058560962  1.6281380133 
H  -0.7787357018  3.1370536925  1.7671879665  H -1.3244301443 1.9625192920  1.8695848047 
C  -1.4650953963  1.8321158897  0.1555760768  H -2.8921061580 1.4706211361  2.5362347403 
C  -1.4295500303  -0.1677367416  1.5234910962  C -2.9695895340 2.2804312772  0.4957684935 
H  -2.4412393699  -0.5250722996  1.7541990598  H -2.8052129310 3.3560004272  0.5825131792 
H  -0.7500380771  -1.0145616999  1.6047913303  H -4.0471169069 2.0818887344  0.5009857615 
N  -1.3939998129  0.3442916169  0.1482154708  C -2.3618917237 1.7311769980  -0.8143083048 
C  -1.4241502483  -0.4425555630  -0.9122019191  C -2.0805467803 0.1206863584  1.0278807531 
H  -1.4340872442  0.0599287724  -1.8756843498  H -2.9755878180 -0.5099425484  1.1279999311 
C  -1.2728620865  -1.8334212847  -0.8544845600  H -1.2357159570 -0.4228539588  1.4551542174 
H  -1.5767188000  -2.3229231612  0.0669569687  N -1.8452449561 0.3974779329  -0.3926482953 
C  -1.4782943876  -2.6281278975  -2.1180991947  C -1.3698437994 -0.5078384981  -1.2330126372 
H  -1.0001051795  -3.6085516574  -2.0376508609  H -1.2761944453 -0.1872500216  -2.2679575221 
H  -1.0418093968  -2.1055332456  -2.9753503931  C -0.8803257200 -1.7710855781  -0.8669875316 
H  -2.5384771522  -2.8032236318  -2.3271027266  H -1.2652670308 -2.1888951635  0.0605209008 
C  -0.9152215844  2.4485183122  -1.1449928702  C -0.6277386894 -2.7540126862  -1.9813643957 
H  -1.7229674395  2.5353973877  -1.8792445091  H -0.1731809403 -2.2531033631  -2.8416502104 
H  -0.1356252616  1.8173588364  -1.5748336340  H -1.5537728555 -3.2329375397  -2.3144505175 
C  -2.9131989482  2.2862960546  0.3624211991  H 0.0585737299 -3.5421251739  -1.6616412345 
H  -2.9360605724  3.3797551684  0.3306043226  C -1.2111211339 2.6123385078  -1.3534205108 
H  -3.3213230261  1.9469030349  1.3191374895  H -1.6568327412 3.5401522758  -1.7247868176 
H  -3.5476171807  1.9009928802  -0.4415939264  H -0.7378939168 2.1045623400  -2.2020915644 
C  -0.3338809911  3.8010377236  -0.8963676827  C -3.4253747710 1.5730007872  -1.9017858673 
N  -0.9885445763  4.9224590250  -0.6821651905  H -3.9003050493 2.5397213774  -2.0900616220 
N  1.0092376065  3.9696759728  -0.7841164570  H -4.1955506150 0.8648288551  -1.5840943135 
H  1.6748929912  3.2022455569  -0.8521700781  H -2.9928768163 1.2237813841  -2.8440566606 
C  1.2298602240  5.2879056303  -0.4775299855  C -0.1724868003 2.9576694859  -0.3377096303 
H  2.2198294379  5.6918435589  -0.3416957726  N -0.2824970835 3.8739402237  0.6042175356 
C  -0.0154692424  5.8576355967  -0.4224138635  N 1.0023322537 2.2829755296  -0.2455334137 
H  -0.2637903426  6.8888922554  -0.2183457609  H 1.2919034466 1.5650779251  -0.9152159159 
C  0.8044596845  -2.0125728522  -0.5060796045  C 1.6889155932 2.7994082333  0.8229689296 
H  0.9297420285  -2.1103577332  -1.5809943375  H 2.6703717878 2.4499355733  1.1005261500 
C  1.3759313988  -0.8555641982  0.0359244417  C 0.8759521064 3.7788313156  1.3346687388 
H  1.7181509340  -0.7121598561  1.0492892881  H 1.0657103343 4.4250970118  2.1791872282 
N  1.5268171566  0.2317239802  -0.7865301239  C 0.9834112782 -1.2814193908  -0.1393154914 
O  2.0549267469  1.2778076577  -0.3384503244  H 0.7020127425 -0.2521430861  0.0720952227 
O  1.1055790203  0.1623967364  -1.9601734580  C 1.9056756506 -1.4818236740  -1.1756392543 
C  0.8607537097  -3.2868511332  0.2516767167  H 2.5560251626 -2.3365103618  -1.2783399043 
 187 
C  0.9788978570  -5.7390916861  1.6168086563  N 1.8706133854 -0.6542901728  -2.2696260054 
C  1.0068694857  -4.4912069522  -0.4461557636  O 2.5836527047 -0.8757892758  -3.2480067667 
C  0.7843065949  -3.3338512667  1.6500456181  O 1.0536259689 0.3204546523  -2.2518041004 
C  0.8431231210  -4.5462927554  2.3254455744  C 1.1236544100 -2.1197794439  1.0811464011 
C  1.0650386557  -5.7070518572  0.2289171254  C 1.3926069401 -3.6363506091  3.4236818867 
H  1.0983648770  -4.4680943886  -1.5283320535  C 1.0247414655 -1.5150080783  2.3391746306 
H  0.6884292677  -2.4134004028  2.2193981698  C 1.3660306599 -3.4962400158  1.0135697987 
H  0.7845292766  -4.5616216318  3.4089275852  C 1.4964454871 -4.2480425392  2.1762093501 
H  1.1838485340  -6.6284746649  -0.3316928698  C 1.1613778464 -2.2656782762  3.5024636826 
H  1.0228134397  -6.6853193657  2.1456812152  H 0.8639699783 -0.4401620412  2.3994728569 
H  0.4479067196  2.0216110247  1.1276762642  H 1.4557456254 -3.9801847488  0.0455421400 
C  -1.0116018818  1.0304145666  2.3988931367  H 1.6823232599 -5.3150441808  2.1084209600 
H  -0.1869163996  0.7677446267  3.0641650732  H 1.0921976530 -1.7788314991  4.4698236602 
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Table 6.S1. Benchmarking of proline catalyzed aldol reaction between acetone and 
nitrobenzaldehyde. Geometries are optimized at B3LYP/6-31G** level. Enthalpy 
corrections (Hcorr) and free energies corrections (Gcorr) are obtained at 
B3LYP/6-31G** level without scaling. Single point energy calculations are performed 
at B3LYP/6-311+G** level. Absolute energies are reported in Hartree and relative 
energies are reported in kJ/mol. Experimental derived ΔG298 for this reaction is 5.0 
kJ/mol.   
TS Hcorr Gcorr SP H298 G298 ΔH298 ΔG298 
TS-R1 0.339972 0.270222 -1068.2432217 -1067.9032497 -1067.9729997  0.0 0.0 
TS-R2 0.339240 0.268759 -1068.2368730 -1067.8976330 -1067.9681140  14.7 12.8 
TS-S1 0.339717 0.270136 -1068.2407889 -1067.9010719 -1067.9706529  5.7 6.2 
TS-S2 0.338965 0.268431 -1068.2372616 -1067.8982966 -1067.9688306  13.0 10.9 
 
 
Table 6.S1. Cartesian coordinates, calculated energies (at B3LYP/6-31G** in Hartree) 
and number of imaginary frequencies of key transition state structures of proline 
catalyzed aldol reaction between acetone and nitrobenzaldehyde.  
TS-R1 E=-1067.96518609 (1)  TS-R2 E=-1067.95798948 (1) 
C  3.7300527554 -1.3961004777  0.1513351857  C 4.2588282087 0.6051597008  0.3504624366 
H  3.3243070523 -1.9885715933  -0.6637761894  H 4.1061374269 0.9391446530  1.3799299156 
H  4.1028334085 -2.0565813695  0.9444487927  H 4.8695952800 1.3503136023  -0.1701565648 
N  2.6669816892 -0.5269891553  0.7344346070  N 2.9436247737 0.4824039968  -0.3314384596 
C  3.1140888505 0.8778906287  0.8179268518  C 2.7541726416 -0.8958159378  -0.8535909208 
H  2.8453914696 1.3064269366  1.7856990835  H 2.2332901971 -0.8401302911  -1.8118121757 
C  1.4726772316 -0.9568788008  1.1178933824  C 2.1603631997 1.5211662433  -0.5944913280 
C  0.9781199399 -2.2103574127  0.6688306193  C 0.8022049885 1.3568202091  -0.9703901953 
H  0.0969514613 -2.5791703040  1.1856028377  H 0.3470991535 2.1992979576  -1.4826905354 
H  1.6970859561 -2.9916534453  0.4465876302  H 0.4979647063 0.3948897694  -1.3706155809 
C  0.5383559692 0.0084168360  1.7961390712  C 2.6355192599 2.8886871890  -0.1936262581 
H  0.9915019741 0.4363591548  2.6960414908  H 2.6548730473 2.9534916525  0.9014412496 
H  -0.3836023060 -0.4971560776  2.0838509722  H 1.9565043145 3.6536985439  -0.5703796600 
H  0.2869173562 0.8366976539  1.1244270861  H 3.6426945094 3.1028129224  -0.5615648390 
C  4.6380673416 0.7829183317  0.6442336963  C 4.2074538658 -1.3771087713  -1.0100279422 
H  5.1112940615 0.5658152179  1.6082347817  H 4.6487158020 -0.9534879189  -1.9193396039 
H  5.0407529288 1.7233413611  0.2670052333  H 4.2426063418 -2.4638654101  -1.0717433325 
C  4.7998209242 -0.4036096898  -0.3159528257  C 4.8795995064 -0.7943825113  0.2402892818 
H  4.5879643816 -0.0911602984  -1.3434096301  H 4.6238044480 -1.3943683469  1.1189848572 
H  5.7990663301 -0.8444262788  -0.2953374981  H 5.9686142267 -0.7484522241  0.1688618725 
C  2.4736081865 1.8281933738  -0.2483608362  C 1.9653733130 -1.9295987321  0.0204798810 
O  2.7892175169 2.9999260958  -0.1669950670  O 1.9955271456 -3.0768132604  -0.3896105110 
O  1.6266974578 1.3470571113  -1.1244548469  O 1.3540530914 -1.5534679209  1.1086194450 
H  1.5540911110 0.2915688999  -1.3038186811  H 1.1638196467 -0.4996442524  1.3098889442 
C  0.4207659349 -1.6838914751  -1.0899298921  C 0.0260943579 1.3780125834  0.7945777283 
O  1.3818492061 -1.0424675737  -1.6760775046  O 0.7968958633 0.7521799821  1.6255543149 
 190 
C  0.0348342395 -3.0254086267  -1.6686327393  H 0.0047087839 2.4760371967  0.9090950139 
C  0.8631243555 -3.6315313919  -2.6219385421  C -1.3617881317 0.8547726590  0.4937570821 
C  -1.1574621921 -3.6591154712  -1.2902824491  C -2.3188703981 1.7143991282  -0.0674097044 
C  0.5217571294 -4.8603484430  -3.1769830291  C -1.7206005665 -0.4656614989  0.8008403532 
H  1.7603087115 -3.1078122209  -2.9320179178  C -3.6091725826 1.2730732538  -0.3336088544 
C  -1.5151402997 -4.8867751037  -1.8357225056  H -2.0515608284 2.7449113485  -0.2883378406 
H  -1.8160427825 -3.1830021832  -0.5683681051  C -3.0087884893 -0.9232313428  0.5388065471 
C  -0.6627234698 -5.4735130733  -2.7707535156  H -0.9891814699 -1.1305415164  1.2453518403 
H  1.1438969188 -5.3465393209  -3.9179267930  C -3.9342538962 -0.0479438909  -0.0269289654 
H  -2.4318870489 -5.3923789323  -1.5602237018  H -4.3624127997 1.9219065316  -0.7620000195 
N  -1.0300332452 -6.7730699324  -3.3508933963  H -3.3073381262 -1.9386588081  0.7669987250 
O  -2.0841222505 -7.2894903449  -2.9778804597  N -5.2967192408 -0.5260092071  -0.3037127146 
O  -0.2611067527 -7.2712810527  -4.1734111809  O -5.5646866202 -1.6925388010  -0.0170538776 
H  -0.4744871721 -1.1076400123  -0.7925247155  O -6.0908539497 0.2693405190  -0.8084516048 
         
TS-S1 E=-1067.96338534 (1)  TS-S2 E=-1067.95837261 (1) 
C  3.4930314711 -1.4800696823  -0.1606111154  C 1.9987824011 -1.0440848916  1.4821808562 
H  2.9248249275 -1.9147674712  -0.9790425993  H 0.9852963480 -1.3731483947  1.2410505433 
H  3.8762391224 -2.2688817308  0.4984436256  H 2.0980111872 -0.9915185177  2.5721108570 
N  2.6067687395 -0.5917909429  0.6497764410  N 2.2379140962 0.3039790378  0.9022210023 
C  3.1914229256 0.7557738189  0.7867223581  C 3.4552884732 0.2987851040  0.0452073487 
H  3.0654105161 1.1274274286  1.8051569427  H 3.9992191885 1.2315796465  0.2069872772 
C  1.4443898049 -0.9592161438  1.1649495928  C 1.5536071110 1.3805422013  1.2589991425 
C  0.7938033998 -2.1359330253  0.6894913830  C 1.6035667410 2.5807546360  0.4984992146 
H  -0.0226977663 -2.4912293188  1.3109731708  H 1.2775644509 3.4740868009  1.0211151926 
H  1.4392503081 -2.9402566991  0.3491733878  H 2.4816350491 2.7412924596  -0.1196953598 
C  0.7045930869 0.0035350430  2.0516465906  C 0.4795653404 1.2295190534  2.2943676463 
H  1.3114403184 0.2897046940  2.9170830220  H -0.3523676768 0.6659339037  1.8525638879 
H  -0.2209216486 -0.4458977414  2.4093723772  H 0.1016968792 2.2043756258  2.6001434128 
H  0.4508713769 0.9188506685  1.5055478534  H 0.8252616012 0.6879627148  3.1788884587 
C  4.6713840846 0.5433008218  0.4324245988  C 4.2239853443 -0.9176087929  0.5914357881 
H  5.2181295105 0.1857285803  1.3120070375  H 4.7408835784 -0.6528722184  1.5210264809 
H  5.1255246242 1.4772841761  0.1000928426  H 4.9593466408 -1.2573609936  -0.1366281201 
C  4.6074500225 -0.5458817343  -0.6472408573  C 3.0973129036 -1.9208649796  0.8690207786 
H  4.3250543622 -0.1081124143  -1.6097059717  H 2.7490383960 -2.3651149187  -0.0685462832 
H  5.5518098742 -1.0780357954  -0.7818392201  H 3.3885720414 -2.7318496388  1.5403979369 
C  2.5395600680 1.8323715037  -0.1422039108  C 3.2922089750 0.1497636184  -1.5093813579 
O  2.9447347829 2.9702538005  -0.0005091817  O 4.3486518439 0.0511298156  -2.1126100898 
O  1.6130596373 1.4737859609  -0.9953384432  O 2.1170565258 0.1168173503  -2.0593188073 
H  1.3616051546 0.4369639505  -1.1697596316  H 1.1994178117 0.4109627686  -1.5010742311 
C  0.0780328210 -1.5336067603  -0.9399938611  C 0.2456483105 2.1741785088  -0.8227645682 
O  0.9577619212 -0.8205118487  -1.5805996894  O 0.1139793419 0.8870568408  -0.9633558472 
H  -0.0755575415 -2.5511479328  -1.3408890702  H 0.7792496134 2.7146113840  -1.6220031303 
C  -1.2706806359 -0.9214368472  -0.5969042457  C -0.9771240166 2.9254502564  -0.3625853247 
 191 
C  -3.7728189891 0.1590731079  -0.0460440933  C -3.2719339103 4.2749928942  0.4269252652 
C  -1.5192645818 0.4396195215  -0.8217840269  C -0.9941420772 4.3281478722  -0.3076650576 
C  -2.3102833361 -1.7327657860  -0.1129846744  C -2.1406235598 2.2146151598  -0.0386484657 
C  -3.5628685092 -1.2034457199  0.1698569700  C -3.2933966465 2.8835028285  0.3631641304 
C  -2.7699160760 0.9873045927  -0.5432066484  C -2.1364613461 5.0124875190  0.0885021434 
H  -0.7339459740 1.0674442531  -1.2257190058  H -0.1051858751 4.8895784282  -0.5832340785 
H  -2.1383980679 -2.7962357219  0.0341347925  H -2.1247555153 1.1349115572  -0.1341844711 
H  -4.3747257014 -1.8149705165  0.5426282307  H -4.2032267147 2.3541171782  0.6170143128 
H  -2.9797116476 2.0363911057  -0.7103988668  H -2.1697868289 6.0934745662  0.1371161042 
N  -5.0938276240 0.7307543702  0.2518581823  N -4.4834584648 4.9897664108  0.8543639616 
O  -5.2595521523 1.9322051643  0.0421393425  O -4.4375583105 6.2196452372  0.8961485590 
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